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THE  AMINO  ACID  NEUROTRANSMITTERS:  MECHANISMS  OF  THEIR  UPTAKE 
INTO  SYNAPTIC  VESICLES 


Summary 

In  the  present  work  it  was  shown  that  GABA  and  L-glutamate  (later  termed 
glutamate)  were  taken  up  by  a  Mg^*  and  ATP  dependent  mechanism  into  synaptic 
vesicles  isolated  from  rat  brain.  The  vesicular  uptake  differed  clearly  from  the 
synaptosomal  and  glial  cell  uptake,  both  with  respect  to  Na'',  Mg2*  and  ATP 
dependency.  The  uptake  of  glutamate  and  GABA  was  inhibited  by  similar,  but  not 
identical  concentrations  of  different  ionophores  and  by  inhibitors  of  the  Mg^’- 
ATPase  The  uptake  of  glutamate  was  dependent  on  the  presence  of  low  concentra¬ 
tions  of  Cl  or  Br  in  the  incubation  medium,  whereas  the  uptake  of  GABA  was  not  In 
addition  the  uptake  of  glutamate  was  more  potently  inhibited  by  blockers  of  Cl 
exchange  than  the  uptake  of  GABA.  The  results  indicate  involvement  of  a  Cl 
exchanger  in  the  uptake  of  glutamate.  The  regional  distribution  in  the  brain  of  the 
uptake  of  GABA  and  glutamate  was  found  to  be  different.  The  substrate  specificity  of 
the  uptake  of  GABA  and  glycine  was  similar,  and  the  vesicular  uptake  of  GABA  and 
glycine  was  competitively  inhibited  by  different  structure  analogues  These  results 
support  the  concept  that  synaptic  vesicles  are  important  for  storage  of  amino  acids  in 
the  nerve  terminal.  The  mechanisms  of  the  uptake  of  glutamate  and  GABA  are 
different,  whereas  the  mechanisms  of  the  uptake  of  GABA  and  glycine  seems  to  be 
similar. 


1  OBJECT  OF  INVESTIGATION 

The  object  of  the  present  study  was  to  throw  light  on  the  mechanisms  by  which  the  amino  acio 
neurolransmitters  are  stored  within  the  nerve  terminal  Previous  studies  by  Naito  and  Ueda 
(1983)  have  shown  that  glutamate  is  taken  up  by  an  isolated  synaptic  vesicle  fraction  In  the  same 
study,  they  did  not  find  any  uptake  of  y-aminobutyrate  (GABA).  It  was  therefore  still  an  open 
question  at  the  start  of  this  investigation  if  the  neurotransmitter  GABA  was  stored  and  released 
from  synaptic  vesicles. 

The  investigation  can  be  divided  into  three  following  parts  (1)  Investigation  of  whether  GABA  is 
taken  up  into  a  synaptic  vesicle  fraction  and  if  the  vesicle  uptake  could  be  distinguished  from  the 
plasma  membrane  uptake.  (2)  Characterization  of  the  in  vitro  uptake  of  GABA  and  comparison  to 
the  uptake  of  other  neurotransmitters,  in  particular  glutamate  (3)  The  specificity  of  the  uptake  of 
the  transmitter  amino  acids  into  synaptic  vesicles  has  been  investigated  by  studying  regional 
distribution  and  inhibition  of  uptake. 


The  papers  of  the  presenl  thesis  are  listed  below,  and  will  be  referred  to  in  the  text  by  their  Roman 
numerals. 


Paper  / 

Fykse  E  M  and  Fonnum  F  (1988);  Uptake  of  y  aminobutyric  acid  by  a  synaptic  vesicle  fraction 
isolated  from  rat  brain,  J  Neurochem  50, 1237-1242. 

Paper  II 

Fykse  E  M,  Christensen  H  and  Fonnum  F  (1989)  Comparibon  of  the  properties  of  y-aminobutyric 
acid  and  L-glutamate  uptake  into  synaptic  vesicles  isolated  from  rat  brain,  J  Neurochem  52,  94c^ 
951 

Paper  III 

Fykse  E  M  and  Fonnum  F  ;1991);  Transport  of  y-aminobutyrate  and  L-glutamate  into  synaptic 
vesicles:  Effect  of  different  inhibitors  on  the  vesicular  uptake  <  f  neurotransmitters  and  on  the 
Mg2‘ATPase.  Biochem  J  276,  363-367 

Paper  FV 

Fykse  E  M  and  Fonnum  F  (1989)  Regional  distribution  of  y  aminobutyrate  and  L-glutamate 
uptake  into  synaptic  vesicles  isolated  from  rat  brain,  Neurosci  Lett  99,  300-304. 

Paper  V 

Christensen  H,  Fykse  E  M  and  Fonnum  F  (1991)-  Inhibition  of  y-aminobutyrate  and  glycine 
uptake  into  synaptic  vesicles,  Ear  J  Ph-  Mo  207, 73-79 
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2  INTRODUCTION 

2.1  Historical  background 

The  quanUi  release  of  transmitters  and  the  identification  of  the  ultrastructurai  and  molecular 
compounds  have  stimulated  research  groups  for  several  decades.  In  1950  and  1952  Fatt  and  Katz 
showed  that  release  of  acetylcholine  at  the  frog  neuromuscular  junction  was  quantal  (Fatt  and 
Katz,  1950;  1952).  This  implies  that  discrete  packages  of  acetylcholine  are  released.  The  releare  of 
single  packages  of  acetylcholine  from  nerve  endings  can  be  m  mitored  as  postsynaptic  miniature 
endplate  potentials  (m.e.p.p.s  ).  At  the  same  time,  electronmicroscopy  had  been  developed  to  the 
-degree  that  synaptic  structures  could  be  visualized  in  detail.  Ner  'e  endings  were  found  to  contain 
a  large  number  of  sm  ill  vesicles  with  a  diameter  of  about  50  nm  (Sj  istrand,  1953;  De  Robertis  and 
Bennet,  1955). 

Later,  application  of  subcellular  fractionation  techniques  permitted  the  isolation  of  nerve  endings 
(Gray  and  Whittaker,  1962).  It  also  became  possible  to  isolate  vesicles  in  a  highly  purified 
preparation  (De  Robertis  et  al,  1963;  Whittaker  et  al,  1963,  1964),  and  to  show  that  the  vesicles 
contained  acetylcholine.  The  purity  of  the  preparation  and  particularly  its  content  of  the  enzyme 
choline  acetyltra  .'erase  (ChAT)  (EC  2.3  1  6)  was  a  controversy  for  several  years  (McCaman  et  al, 
1965;  Fonnum,  1967,  1968).  Later  studies  on  the  electromotor  nerve  terminal  from  the  electric 
organ  of  Torpedo  have  contributed  greatly  to  the  development  ol  the  vesicular  field.  The  advantage 
of  the  Torpedo  electric  organ  is  that  it  is  purely  cholinergic  Synaptic  vesicles  isolated  from  the 
electric  organ  of  Torpedo  are  larger  than  ves;  -les  isolated  •‘rom  other  nerve  terminals,  (Whittaker, 
1984)  90  nm  ir  itead  of  50  nm  in  diameter  The  simplest  explanation  for  quanta!  release  of 
transmitters  would  be  the  secretion  of  multimolecular  packets  of  acetylcholine  due  to  extrusion  of 
the  vesicular  contents  into  the  synaptic  cleft.  This  has  been  termed  the  vesicle  hypothesis  of 
neurotransmitter  release.  The  vesicle  hypothesis  has  gained  wide  acceptance  as  a  general 
explanation  of  transmitter  release  (Zimmerman,  1979;  Ceccarelli  and  Hurlbut,  1980). 
Monoamines  are  present  in  high  concentration  in  synaptic  vesicles  isolated  from  central  and 
peripheral  neurons,  and  the  vesicU  hypothesis  has  also  been  confirmed  for  these 
neurotransmitters  (Smith  and  Winkler,  1972) 

Despite  the  great  acceptance  of  the  vesicle  hypothesis,  a  mechanisn.  acetylcholine  release  from 
the  cytosolic  pool  has  been  suggested  (Dunant,  1986)  In  this  study  it  was  suggested  that  the 
transmitters  stored  in  vesicles  constitute  a  reserve  pool.  A  protein  termed  mediatophore  has  beer, 
isolated  from  the  plasma  membrane  of  Torpedo  electric  organ  synaptosomes.  After  insertion  into 
artificial  liposomes  the  mediatophc''*  has  been  shown  to  mediate  Ca^'  dependent  release  of 
acetylcholine  (Israel  et  al.  1986).  Recently,  a  protein  subunit  of  the  mediatophore  has  been 
identified  as  a  component  of  the  synaptic  vesicle  proton  pumping  ATPase  (Pitman  et  al,  1990), 


2.2  Structure  and  function  of  synaptic  vesicles 

Synaptic  vesicles  have  been  isolated  both  from  the  electric  organ  of  Torpedo,  mammalian  brain 
and  spinal  cord,  and  from  the  myenteric  plexus  of  the  guinea  pig  ileum.  A  great  deal  of  the 
knowledge  concerning  the  structure  and  function  of  synaptic  vesicles  has  appeared  from  studies  of 
vesicles  from  the  electric  organ  of  Torpedo  The  more  limited  data  concerning  the  mammalian 
brain  synaptic  vesicles  may  partly  be  due  to  the  heterogeneity  of  the  brain  synapt'c  vesicle 
fractions,  which  probably  consist  of  subpopulations  of  vesicles,  each  specific  for  diflerent  neuro¬ 
transmitters. 

Cholinergic  synaptic  vesicles  from  the  electric  organ  of  Torpedo  are  not  a  homogeneous  pool  of 
vesicles  of  the  same  size  and  density.  Three  subpopulations  of  cholinergic  synaptic  vesicles  from 
electric  organ  of  Torpedo  have  been  found;  the  VPo-,  VPj-  and  VPa-vesicles  (Zimmerman  and 
Whittaker,  1977).  The  VPo-vesicles  are  iransported  from  the  perikaryon  to  the  terminal  with  fast 
axonal  transport  (Kiene  and  Stadler,  1)87;  Stadler  and  Kiene,  1987).  The  VPo-vesicIes  have  a 
protein  composition  identical  to  that  r,  .he  ve.  icles  isolated  from  nerve  terminals,  but  they  do  not 
contain  acetylcholine  and  ATP  In  the  terminal  they  accumulate  acetylcholine  and  ATP  and 
become  the  VPi-ves'cles.  On  arrival  of  an  action  potential  al  the  nerve  terminal,  the  vesi.les 
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undergo  exocytosis.  After  release,  the  vesicle  are  recycled  (Zimmerman  and  Denston,  1977a, 
Zimmerman  and  Whittaker,  1977),  and  then  they  reaccumulate  acetylcholine  and  ATP.  The  poo) 
of  the  recycling  vesicles  constitutes  the  VP.^- vesicles.  The  VPj  subpopuiation  of  vesis  les  constitute 
the  resting  and  depot  pool  of  vesicles.  The  VP2*vesicles  are  smaller  and  denser  than  the  VPj 
vesicles  due  to  storage  of  a  smaller  amount  of  acetylcholine  and  ATP,  and  they  are  localized  closer 
to  the  nerve  terminal  than  the  VPi-vesicIes  (Zimmerman  and  Denston,  1977b;  Giompress  et  al, 
1981)  The  actively  recycling  VP2-vesicles  probably  contain  most  of  the  newly  synthesized 
acetylcholine  and  ATP  (Zimmerman  and  Denston,  1977b,  Zimmerman,  1978),  and  they  are 
thought  to  be  responsible  for  the  pieferential  release  of  the  newly  synthesized  transmitter 
(Suszkiw  el  al,  1978)  Stimulation  of  the  electric  organ  increases  the  proportion  of  recycling  vesic¬ 
les  ( VP2'type)  in  the  total  population  of  synaptic  vesicles  (Zimmerman  and  Denston,  1977a,  b) 

All  neurons  in  the  mammalian  peripheral  and  central  nervous  system  contain  one  or  more  distinct 
population  oi  vesicles.  They  differ  in  size,  shape  clecirondensity  Evidence  collected  from 
biochemic  d  analysis  of  subcelluiar  fractions,  immunocytological  examination  and  pharma* 
coiogica)  experiments  indicates  that  the  small  type  of  vesicles  (45-55  nm)  from  adrenergic  and 
cholinergic  nerve  endings  contains  neurotransmitter  and  ATP  (Kned  et  al,  1981;  Zimmerman, 
1982;  Whittaker,  1986),  but  is  devoid  of  neuropeptides  In  addition  to  small  vesicles,  the  choliner¬ 
gic  and  noradrenergic  terminals  (varicosities)  contain  large  vesicles  measuring  80  to  120  nm  in 
diameter  Analysis  of  particles  isolated  from  peripheral  and  central  nervous  systems  indicate  that 
the  large  vesicles  are  the  main  storage  organelles  for  neuropeptides  (von  Euler,  1963;  Lundberg  et 
al,  1981 ,  Floor  et  al,  1982,  Klein  et  al,  1982,  Fried  et  al,  1985.  1986)  TV  e  physiological  importance 
of  these  peptides  probably  varies  with  the  tissue  and  animal  species  since  there  are  g^eat 
differences  in  numbt.  and  consequently  in  the  storage  capacity  of  he  large  vesicle  population 
(Klein  and  Thureson  Klein,  1984,  Douglas  et  al.  1986)  The  large  vesicles  constitute  about  5-10  % 
of  ail  vesicles  in  the  terminal  (Klein  and  LagerkranU,  1982) 

Recently,  new  information  has  been  gained  concerning  the  structure  and  function  of  small 
synaptic  vesicles  *'*•'  a  mammalian  brain  Mammalian  brain  synaptic  vesicles  have  now  been 
pufiTied  sufficiently  to  make  identification,  purification  and  characterization  of  the  vesicle 
proteins  possible  Some  proteins  associated  with  mammalian  brain  vesicles  will  be  discussed 
briefly  Figure  1  shows  a  model  of  a  mammalian  brain  GABAergic  synaptic  vesicle. 

Synapain  f 

Synapsin  I  is  one  of  tl  ^st  characterized  synaptic  vesicle-associated  proteins  (for  review  see 
Nestler  and  Greengard,  i6).  Synapsin  I  has  been  found  to  be  concentrated  in  nerve  terir-nals, 
and  under  conditions  of  low  ionic  strength  Synapsin  I  was  associated  with  synaptic  vesicles  during 
their  isolation  (Huttner  et  al,  1983).  The  protein  has  been  purified,  and  represents  about  6%  of  the 
total  protein  present  in  highly  purified  vesicles  (Huttner  et  al,  1983)  In  structure,  the  protein  is 
''longated  and  highly  asymmetric.  It  contains  a  tail  region  and  a  head-region.  One  serine  residue 
can  be  phosphoryiated  at  the  head-region,  and  two  at  the  tail-region,  all  di/Terent  protein 
kinases  (Huttner  and  Greengard,  1979;  Huttner  etal,  1981)  Phosphorylation  of  the  tail-region  has 
been  shown  to  decrease  the  binding  of  synapsin  I  to  the  vesicles,  and  facilitate  the  release  of 
neurotransmitters.  Phosphorylation  may  also  alter  the  binding  of  Synapsin  1  to  cytoskelcton 
proteins  (Nestler  and  Greengard,  1986). 

Synaptophysin  (p38) 

Synaptophysin  has  been  identified  independently  by  three  different  groups  (Bock  et  al,  1974;  Jahn 
etal,  1985;  Wiedenmann  and  Franke,  1985).  The  protein  is  an  integral  membrane  protein.  On  the 
basis  of  analysis  of  the  amino  acid  sequence  it  has  beer  proposed  that  synaptophysin  spans  the 
vesicle  membrane  four  times,  with  the  amino  and  carhoxy  terminal  located  on  the  cytoplasmic 
surface  (Sudhof  et  al ,  1 987) .  The  cytoplasmic  domain  binds  Ca^  *  and  synaptophysin  is  reported  to 
be  the  major  binding  protein  of  synaptic  vesicles  (Rehm  et  al,  1986).  The  cytoplasmic  carboxy 
tail  undergoes  tyrosine  phosphorylation  by  tyrosine  kinases  (Barnekow  et  al,  1990).  The  purified 
synaptophysin  forms  a  hexameric  structure  and  a  voltage  dependent  ion  channel  when 
incorporated  in  planar  lipid  bi  layers  (Thomas  et  al,  1988),  and  it  nas  been  suggested  that  this 
protein  might  bo  involved  in  exocytosis  of  synaptic  vesicles  during  neurolransmission. 
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Figure  I  A  model  of  a  mammalian  brain  GABAergic  synaptic  vesicle 


ATPase 

There  are  three  main  classes  of  ATPases  named  P-,  F  and  V-type  ATPases  The  plasma  membrane 
(P-type)  operates  via  a  phosphoenzyme  intermediate  (e  g  Na'/K*-  ATPase)  (Forgac  and  Chin, 
1985)  In  the  plasma  membrane  they  have  a  major  role  in  maintaining  the  ionic  homeostasis  of  the 
cell  by  controlled  pumping  of  various  cations  across  the  cell  membrane  The  eubacterial  type  (F- 
type)  is  present  in  eubacteria,  mitochondria  and  chloroplasts  Their  main  functions  is  to 
phosphorylate  ADP  at  the  expense  of  a  protonmotive  force  (Futai  et  al,  1989)  The  vacuolar  proton 
(V  type)  ATPase  is  present  in  a  variety  of  intracellular  membrane  bound  organelles,  including 
clathrin-coated  vesicles  (Forgac  et  al,  1983;  Stone  et  al,  1983),  endosomes  (Gallo<vay  et  al,  1983; 
Yamasihro  et  al,  1983),  Golgi-derived  vesicles  (Glickman  el  al,  1983,  Zhang  and  Schneider,  1983) 
and  chromafTin  granules  The  ATPase  activity  of  chroinalTin  granules  was  discovered  about  three 
decades  ago  (Kirshner,  1962)  Later  evidence  has  clearly  shown  that  the  chromafTin  granule 
ATPase  is  a  proton  pump  responsible  for  generating  the  protonmotive  force  for  catecholamine 
uptake  (Bashford  el  al,  1976,  Casey  et  al.,  1976;  Flatmark  and  Ingebretsen,  1977;  Holz,  1978; 
Johnson  et  al,  1979)  Whether  all  the  vacuolar  proton  pumps  in  a  cell  are  identical  or  belong  to  a 
family  of  closely  related  proteins,  and  how  the  mechanisms  by  which  the  activities  of  these  pumps 
are  regulated,  are  crucial  hut  unanswered  questions.  One  of  the  subunits,  a  proteolipid  of  16  kDa, 
has  been  identified  as  a  part  of  the  proton  channel  (Sun  et  al,  1987).  It  has  some  sequence 
homology  to  the  proton  channel  of  the  mitochondrial  ATPase  (Mandel  et  al,  1988),  and  they  are 
thought  to  share  a  common  evolutionary  origin.  The  ATPases  are  often  characterized  on  the  basis 


14 


of  their  sensitivity  to  inhibitors,  and  the  vacuolar  A  I’Pase  is  highly  sensitive  to  N-etylmaleimide 
(NEM),  an  alkylating  agent.  U  is  insensitive  to  inhibitors  of  the  plasma  membrane  ATPase,  such 
as  vanadate  and  ouabain,  and  inhibitors  of  the  mitochondrial  ATPases,  such  as  oligomycin  and 
azide  (Pedersen  and  Cera/oli,  1987). 

The  Mg2'  activated  H ’-ATPase  of  synaptic  vesicles  generates  a  proton  electrochemical  gradient 
(Stadlei  and  Tsukita,  1984;  Cidon  and  Sihra,  1989)  The  ATPase  is  required  for  uptake  of 
neurotransmitters  into  synaptic  vesicles.  This  will  be  discussed  in  more  detail  in  the  general 
discussion.  Recently,  it  has  become  clear  that  the  vesicular  Mg7' -ATPase  belongs  to  the  class  of 
vacuolar  ATPases  (Maycox  et  al,  1988,  Cidon  and  Sihra,  1989,  Floor  et  al,  1990,  Moriyama  et  al. 
1990)  The  vacuolar  H  ’  ATPase  of  chromaffin  granules  is  a  multimeric  protein  composed  of  eight 
different  subunits  (Moriyama  and  Nelson,  1989;  Nelson,  1991)  The  protein  is  composed  of  two 
distinct  structures;  a  peripheral  catalytic  sector  and  a  hydrofobic  membrane  sector.  The  vesicle 
H  ’-ATPase  is  shown  to  be  immunologically  related  to  the  chromaffin  granule  enzyme  (Cidon  and 
Sihra,  19891.  A  vanadate  sensitive  ATPase  of  the  P-type  has  also  been  found  and  purified  from  the 
electric  organ  of  Torpedo  (Yamagata  el  al,  1989;  Yamagata  and  Parsons,  1989).  The  function  of 
this  ATPase  is  unknown  This  means  that  the  cholinergic  vesicles  contain  both  a  P-type  ATPase 
and  a  V-type  ATPase  A  vanadate  sensitive  ATPase  has  also  recently  been  purified  from 
chromaffin  granule  membranes  (Moriyama  and  Nelson,  1988). 


2.3  Storing  of  catecholamines  and  acetylcholine  in  chromaffin  granules  and  synaptic 
vesicles 

Since  most  workers  agree  that  evoked  release  of  acetylcholine  and  catecholamines  occur  by 
exocytosis  of  synaptic  vesicles,  the  storage  of  neurotransmitters  by  vesicles  is  probably  a  critical 
and  obligatory  step  in  normal  function  of  the  nerves.  The  fimctJon  of  chromaffin  granules  is  to 
store  catecholamines  in  high  concentration  and,  upon  stimulation  of  chromaffin  cells,  to  deliver 
the  catecholamines  into  the  extracellular  space  The  active  uptake  of  catecholamines  is  driven  by 
ATP  hydrolysis  The  activity  of  the  vacuolar  ATPase,  builds  up  a  proton  electrochemical  gradient 
which  is  the  driving  force  for  the  uptake  (for  review  see  Njus  et  ai,  i98l)  The  accumulation  of 
these  substrates  is  sensitive  to  reserpine  Reserpine  which  is  an  alkaloid  derived  from  the  root  of 
Rauwoiria  serpentina  competitively  inhibits  the  uptake  of  catecholamines  (Kirshner,  1962; 
Jonasson  et  al,  1964)  The  chromaffin  cells  have  been  used  as  a  model  system  for  studying  uptake 
and  release  processes  in  brain  vesicles.  The  uptake  of  catecholamines  into  brain  vesicles  has  also 
been  found  to  be  driven  by  the  proton  motive  force  generated  by  a  H  '-ATPase  (Philippu  and  Beyer, 
1973,  Toll  and  Howard,  1978) 

Progress  in  the  study  of  acetylcholine  storage  in  synaptic  vesicles  has  been  obtained  by  using  pure 
vesicles  isolated  from  the  electric  organ  of  Torpedo.  These  vesicles  have  an  active  transport  system 
for  acetylcholine  (see  Parsons  et  al.  1987),  The  uptake  of  acetylcholine  is  stimulated  by  Mg2*  ions 
and  ATP  and  is  inhibited  by  certain  inhibitors  of  energy  metabolism  (Anderson  et  al,  1982). 
Uncouplers  dissipate  the  proton  electrochemical  gradient  that  has  been  generated.  Thus  active 
uptake  of  acetylcholine  is  driven  by  a  proton  electrochemical  gradient  generated  by  the  vesicular 
ATPase.  In  contrast  to  the  uptake  of  catecholamines,  the  uptake  of  acetylcholine  is  stimulated  by 
low  concentrations  of  HCO3-  (Koeningsberger  and  Parsons,  1980;  Parsons  and  Koeningsberger, 
1980)  The  active  uptake  of  acetylcholine  is  inhibited  noncompelitively  by  l-trans-2-(4- 
phenylpiperidinol-cyclohexanol  (vesamicol,  formerly  AH5183)  (Anderson  et  al,  1983),  Vesamicol 
was  originally  discovered  as  a  neuromuscular  blocking  agent  (Marshall,  1970). 


2.4  Storing  of  amino  acids  in  synaptic  vesicles 

It  is  generally  accepted  that  the  amino  acids  GABA  and  L-glutamate  are  major  neurotransmitters 
in  the  mammalian  central  nervous  system  (Krnjevic,  1970;  Fonnuni,  1984).  GABA  and  glutamate 
are  quantitatively  the  most  important  neurotransmitters  in  the  mammalian  central  nervous 
system.  Glutamate  is  present  in  at  least  four  different  pools  in  the  brain:  As  transmitter  in 
glutamatergic  terminals,  as  precursor  for  GABA  in  GABAergic  terminals,  as  a  metabolic 
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component  in  other  neuronal  structures  and  in  glial  cells.  This  has  greatly  complicated  the 
analysis  of  the  releasable  amino  acid  transmitter  pool 

The  use  of  subcellular  fractionation  technique  to  identify  the  dilTerent  pools  of  glutamate  has  until 
now  not  been  successful.  In  1989  Burger  and  coworkers  reported  that  glutamate  was  enriched  in 
the  vesicle  fraction.  Earlier,  several  workers  have  failed  to  do  this.  Burger  and  coworkers  (19891 
used  a  rapid  isolation  procedure  for  isolation  of  synaptic  vesicles  based  on  immunoisolation.  The 
storage  seems  to  be  labile,  requiring  the  preservation  of  an  energy  gradient  across  the  vesicle 
membrane.  It  is  shown  by  Carlson  and  Ueda  (1990)  that  the  existence  of  an  electrochemical  proton 
gradient  across  the  vesicular  membrane  is  required  in  order  to  maintain  steady-state  levels  of 
glutamate  accumulated  by  a  vesicle  fraction  in  vitro,  but  still  there  is  some  efflux.  Treatment  of 
the  vesicles  by  NEM  blocks  some  of  this  glutamate  efflux  (Carlson  and  Ueda,  1990).  NEM  also 
prevents  efflux  of  endogenous  glutamate  from  a  vesicle  fraction  (Burger  et  al,  1989). 
Morphological  studies  by  Storm-Mathisen  and  coworkers  (1983)  led  to  the  first  visualization  of 
GABA  and  glutamate  in  neurons  by  immunocytochemistry. 

So  far  vesicle  specific  transport  activities  have  been  described  for  the  amino  acids  glutamate 
(Paper  II;  Disbrow  et  al,  1982;  Naito  and  Ueda,  1983,  1985,  Maycox  et  al,  1988),  GABA  (Paper  I, 
Hell  et  al,  1988;  Kish  et  al,  1989),  and  glycine  (Kish  et  al,  1989;  Christensen  et  al,  1990)  It  is 
apparent  that  all  the  uptake  carriers  are  active  transporters  dependent  upon  the  proton 
electrochemical  gradient.  No  specific  inhibitors,  such  as  reserpine  and  vesamicol  in  the  case  of 
catecholamine  and  acetylcholine  uptake,  are  found  for  the  uptake  of  amino  acids.  However,  the 
uptake  of  glutamate  is  competitively  inhibited  by  a  peptide  containing  halogenated  ergot 
bromocriptine  (Carlson  et  al,  1989a).  The  uptake  of  GABA  and  glycine  is  competitively  inhibited 
by  structure  analogues  (Paper  V).  It  is  also  reported  that  a  nerve  terminal  cytosolic  factor  inhibits 
the  ATP  dependent  vesicular  uptake  of  glutamate  in  a  dose  dependent  manner  (Lobur  et  al,  1990). 
The  endogenous  factor  may  have  a  function  in  regulation  of  the  transmitter  pool  of  glutamate. 

The  ontogeny  of  the  vesicular  uptake  of  glutamate,  GABA  and  glycine  has  been  investigated  in 
brain  and  spinal  cord.  The  increase  in  vesicular  uptake  activity  parallels  synaptogenesis  (Kish  et 
al,  1989;  Christensen  and  Fonnum,  1991a,b).  This  indicates  the  importance  of  synaptic  vesicles  in 
amino  acid  neurotransmission.  The  ontogeny  of  the  high  affinity  uptake  of  glutamate  over  plasma 
membranes  has  been  shown  to  increase  with  the  time  course  similar  to  that  of  the  vesicular 
uptake.  In  contrast,  the  developmental  time  course  of  the  uptake  of  GABA  is  different 
(Christensen  and  Fonnum,  I99Ib)  The  plasma  membrane  uptake  of  GABA  is  found  to  have  a 
distinct  maximum  during  the  second  postnatal  week  (Schousboe  et  al,  1976).  Functional 
reconstitution  of  carriers  in  proteoliposomes  may  provide  insight  into  energetic  and  mechanistic 
aspects  of  the  transport  cycle.  The  carriers  for  the  uptake  of  glutamate  (Maycox  et  al,  1988; 
Carlson  etal,  1989b)  and  GABA  (Hell  etal,  1990)  have  been  reconstituted  in  proteoliposomes. 

During  the  last  few  years,  new  evidence  has  appeared  which  shows  that  synaptic  vesicles  are 
important  for  storage  and  cxocytotic  release  of  amino  acids.  The  fact  that  amino  acids  are  actively 
accumulated  into  synaptic  vesicles  in  vitro  strongly  supports  the  validity  of  the  vesicle  hypothesis 
for  amino  acids. 
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3  DISCUSSION  OF  METHODS 
3.1  Puriiication  of  synapdc  vesicles 

The  present  study  deals  with  the  uptake  of  amino  acid  neurotransmitters  into  synaptic  vesicles 
isolated  from  rat  brain.  DifTerent  methods  have  been  used  for  the  isolation  of  synaptic  vesicles,  and 
the  original  method  described  by  Whittaker  and  coworkers  (1964)  has  been  used  in  the  present 
study.  Synaptic  vesicles  were  isolated  from  a  crude  synaptosomal  fraction  subjected  to  hypo- 
osmotic  lysis  to  release  the  vesicles,  and  the  vesicles  were  further  purified  by  sucrose  density 
gradient  centrifugation  The  di^erent  fractions  were  tested  for  their  GABA  and  glutamate  uptake 
activity.  The  highest  specific  uptake  activities  were  due  to  vesicles  floating  in  0  4  M  sucrose,  but 
0  6  M  sucrose  also  contained  uptake  activities  This  is  in  agreement  with  the  distribution  of 
organelles  in  a  sucrose  gradient  described  by  Whittaker  and  coworkers  (1964).  At  the  interface 
between  0.4  M  and  0.6  M  sucrose  and  in  0  6  M  sucrose  they  found  some  synaptic  vesicles,  often  in 
clumps,  microsomes  and  occasional  myelin  fragments. 

Another  method  for  isolation  of  synaptic  vesicles  was  described  by  De  Robertis  et  al  (1963).  This 
method  is  based  on  osmotic  shock  of  a  crude  synaptosomal  fraction,  followed  by  differential 
centrifugation  into  three  subfractions.  Mi,  M2,  and  M3.  In  subfraction  Mi  myelin  fragments  and 
membrane  structures  are  accumulated  The  major  part  of  the  high  speed  centrifugation  pellet  M2 
consists  of  synaptic  vesicles,  but  this  fraction  is  found  to  be  more  contaminated  by  microsomes  and 
membrane  structures  than  the  one  obtained  by  Whittaker  et  al  (1964)  M3  is  the  final  supernatant 
or  soluble  subfraction.  A  modification  of  this  method  has  been  applied  due  to  the  small  amount  of 
material  obtained  from  the  different  brain  structures  (Paper  IV)  Myelin  and  microsomes  were 
separated  from  the  synaptosomal  fraction  by  a  sucrose  density  gradient  This  gives  a  vesicle 
fraction  less  contaminated  by  membranes  than  the  vesicular  fraction  obtained  by  Oe  Robertis  et  al 
(1963). 

Further  purification  of  synaptic  vesicles  has  been  performed  by  different  methods  These  methods 
will  be  discussed  in  light  of  the  uptake  function  of  the  vesicle  fractions  Naito  and  Ueda  (1983) 
isolated  a  vesicle  fraction  from  bovine  brain  by  osmotic  shock  of  a  synaptosome  fraction,  sucrose 
gradient  and  immunprecipitation  with  anti-synapsin  I,  but  they  did  not  found  any  uptake  of 
GABA.  Later  they  described  an  uptake  of  GABA  intoa  vesicle  fraction  isolated  from  rat  cerebrum. 
This  vesicle  fraction  was  isolated  by  lysis  of  a  crude  synaptosome  fraction  and  centrifugation  in  a 
Percoll  gradient.  They  obtained  a  GABA/glutamate  uptake  ratio  of  0  03  (Kish  et  al,  1989).  In 
contrast,  in  the  present  work  a  GABA/glutamate  uptake  ratio  of  about  0  25  is  found  (Papers  II,  III, 
IV,  V)  The  reason  for  this  discrepancy  may  be  that  Ueda  and  coworkers  are  destroying  their 
vesicles  during  the  isolation  procedure  Some  neuroanatom ica I  studies  have  reported  that  the 
GABAergic  and  glycinergic  vesicles  are  elliptic  in  shape  (Bodian,  1972),  which  may  imply  that 
these  vesicles  are  more  labile  than  the  glutamate  vesicles.  Thus,  several  procedures  may  lead  to 
partly  destruction  of  the  GABA  uptake  activity.  Isolation  of  synaptic  vesicles  have  also  been 
performed  in  a  Nycodenz  gradient  (Floor  et  al,  1988).  In  contrast  to  the  sucrose  gradient,  the 
osmolarity  of  Nycodenz  and  Percoll  gradients  can  be  kept  constant  over  a  wide  range  of  densities. 
Synaptic  vesicles  are  banded  in  0.4  M  sucrose  which  is  close  to  iso-  osmolarity  Therefore,  the 
constant  osmolarity  of  Nycodenz  and  Percoll  is  more  important  for  denser  organelles  such  as 
synaptosomes.  Sy naptosomes  are  banded  between  0.8  M  and  1 .0  M  sucrose 

In  Paper  III,  the  vesicle  fraction  was  further  purified  on  a  controlled  pore  glass  column.  The 
specific  activity  of  the  uptake  of  GABA  and  glutamate  was  doubled  Due  to  the  tow  capacity  and 
low  increase  of  the  specific  uptake  activities,  the  vesicle  fraction  was  usually  not  isolated  by  gel 
filtration.  The  synaptic  vesicles  obtained  by  hypo-osmotic  lysis  of  synaptosomes  and  sucrose 
gradient  centrifugation  have  so  far  shown  the  highest  GABA/glutamate  uptake  ratio  The  ratio  of 
about  0  25  is  in  agreement  with  the  ratio  between  synaptosomal  GABA  and  glutamate  uptake 
obtained  by  Christensen  and  Ponnum  (1991c).  Hell  et  al  (1988)  have  isolated  synaptic  vesicles  by 
sucrose  gradient  and  gel  filtration  on  a  controlled  pore  glass  column  from  brain  tissue  frozen  in 
liquid  nitrogen.  In  liquid  nitrogen  the  nerve  terminals  are  elTectively  broken  up  and  direct 
preparation  and  isolation  of  synaptic  vesicles  is  possible  (Whittaker  et  al.,  1972;  Tashiro  and 
Stadler,  1978).  Hell  et  al  (1988)  obtained  a  ratio  between  the  uptake  of  GABA  and  glutamate  of 
about  0.14.  In  agreement  with  the  results  of  Paper  III,  the  specific  activity  of  the  uptake  of  GABA 
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and  glutamate  was  doubled  when  the  vesicle  fraction  was  chromatographed  on  a  controlled  pore 
glass  column.  Synaptic  vesicles  further  purified  by  gel  filtration  after  gradient  centrifugation  are 
less  contaminated  by  microsomes  and  other  membrane  structures,  but  physiological  function 
beyond  purity  of  synaptic  vesicles  seems  to  be  important  when  it  comes  to  uptake  studies. 

Due  to  the  large  amount  of  Mg2'  activated  ATPase  in  all  membranes,  the  vesicular  ATPase  was 
measured  in  a  highly  purified  vesicle  fraction.  The  activity  of  the  Mg2*-  ATPase  (Paper  III)  was 
distributed  in  two  peaks  when  synaptic  vesicles  isolated  by  sucrose  gradient  were  further  purified 
on  a  controlled  pore  glass  column  The  activity  of  acetylcholine  esterase  (AChE)  (EC  3. 1.1.7),  a 
marker  enzyme  for  plasma  membranes,  coeluted  with  tbe  first  of  these  two  peaks,  and  most  of  the 
uptake  activity  coeluted  with  the  second  peak  of  Mg^'-ATPase.  A  small  part  of  the  uptake 
activities  (less  than  5  9h)  coeluted  with  the  membrane  fraction  Most  likely,  some  synaptic  vesicles, 
or  aggregated  vesicles  coeluted  with  the  membrane  fraction. 

The  high  affinity  plasma  membrane  uptake  of  neurotransmitters  is  dependent  on  the  Na^ 
gradient  across  the  plasma  membrane  (for  review  see  Kanner  and  Schuldiner,  1987;  Fonnum  et  al, 
1980)  The  vesicular  GABA  and  glutamate  uptake  is  not  stimulated  by  Na*  ions  (Paper  I;  Naito 
and  Ueda,  1983)  When  the  synaptosomal  and  vesicular  uptake  of  GABA  were  performed  under 
identical  conditions  only  the  synaptosomal  uptake  was  highly  stimulated  by  addition  of  50  mM 
NaCI  (almost  15  fold)  A  low  concentration  of  GABA  (44  pM)  was  used,  due  to  the  higher  affinity  of 
the  plasma  membrane  uptake  The  uptake  of  GABA  into  synaptosomes  was  not  reduced  by 
removal  of  ATP  and  Mg^*^  (Paper  I)  Therefore,  contamination  in  the  vesicular  fraction  by  plasma 
membranes  cannot  be  of  any  significance  for  the  vesicular  uptake  The  present  results  also  show 
that  the  vesicular  uptake  is  dependent  on  ATP,  Mg2*  and  an  intact  electrochemical  proton 
gradient  across  the  vesicle  membrane  (Papers  I,  II). 


3.2  Blank  values 

The  vesicular  uptake  measured  could  not  be  due  to  binding  of  substrate  to  membranes  The 
vesicles  bound  to  the  filters  during  the  uptake  procedure  were  osmotically  sensitive.  The 
inhibitory  effect  of  the  proton  ionophores  also  indicates  uptake  instead  of  binding  (Paper  II).  !.i  the 
present  study,  the  blank  values  have  been  treated  in  the  same  way  as  the  samples,  but  they  were 
incubated  at  0*C  instead  of  30*0  At  30°C  the  uptake  is  maximal.  For  the  uptake  of  glutamate,  the 
blank  values  constitute  about  10-15  %  of  the  radioactivity  retained  on  the  filters,  and  for  GABA 
20-25  %  Most  of  this  is,  however,  binding  of  substrate  to  the  filters  (70  %).  The  blank  values  did 
not  vary  when  different  test  agents  were  added  as  well.  Other  groups  have  used  the  activity  at 
30’C  in  the  absence  of  ATP  as  blank  values  (Kish  et  al,  1989;  Hell  et  al,  1990).  In  the  absence  of 
ATP  the  uptake  of  GABA  and  glutamate  is  reduced  by  80-90  %  (Paper  1;  Naito  and  Ueda,  1985). 
The  activity  measured  in  the  absence  of  ATP  is  not  necessarily  due  to  binding,  at  least  not  in  our 
vesicle  fraction  Endogenous  ATP  in  the  vesicle  fraction,  may  be  responsible  for  uptake  activity  in 
the  absence  of  exogenous  ATP  Therefore,  the  blank  values  were  incubated  at  O'C,  but  otherwise 
treated  in  the  same  way  as  the  samples. 


3.3  Kinetic  conditions 

The  Km  value  for  the  uptake  of  GABA  has  been  determined  to  be  5.6  mM  (Paper  I).  Later  Kish  et 
al.  (1989)  obtained  nearly  the  same  value.  For  glutamate  uptake,  the  Km  value  has  been 
determined  to  about  1  mM  (Naito  and  Ueda,  1985;  Maycox  el  al  ,  1988).  The  experiments  in  Paper  1 
were  performed  with  a  low  concentration  of  GABA  (44  pM)  Later  the  substrate  concentration  was 
increased  due  to  the  kinetic  properties  of  the  system.  It  is  more  correct  to  use  a  low  mM 
concentration  of  the  substrate  than  a  low  pmolar  concentration,  and  specially  in  experiments 
where  kinetic  conditions  are  studied.  Ideally  the  substrate  concentration  should  be  of  the  order  of 
at  least  the  Km  value,  but  the  specific  radioactivity  would  be  to  low  to  permit  uptake 
measurement.  As  a  compromise,  a  concentration  of  1  mM  was  used  (Papers  II,  111,  IV,  V)  The 
samples  were  also  incubated  for  1.5  or  3  minutes.  The  system  is  not  saturated  at  3  minutes, 
therefore  the  rate  of  the  uptake  was  measured 
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The  uptake  of  GABA  and  glycine  in  brain  and  spinal  cord  vesicles  have  been  studied,  and 
inhibition  of  the  GABA  uptake  by  glycine  and  vice  versa  is  reported  One  may  conclude  from  these 
studies  that  the  specificity  of  the  uptake  of  GABA  and  glycine  is  similar  (Paper  V).  This  is  in 
contrast  to  the  results  of  Kish  et  al  (1989),  who  concluded  that  the  uptake  of  GABA  and  glycine  are 
different.  They  did  not  find  any  inhibition  of  the  uptake  of  GABA  by  glycine  or  vice  versa.  The 
reason  for  this  discrepancy  may  be  that  Kish  et  al  ( 1989)  used  inadequate  kinetic  conditions  They 
used  a  substrate  concentration  of  ISO  pM,  which  is  far  below  the  Km-values  for  the  uptake 
systems,  and  10  minutes  incubation  time  At  10  minutes  the  uptake  of  GABA  and  glycine  is 
saturated 
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4  GENERAL  DISCUSSION 

In  the  present  study  I  provide  evidence  for  a  Mg2*  and  ATP  dependent  in  vitro  uptake  of  GABA 
into  synaptic  vesicles.  Knowledge  of  the  mechanisms  of  vesicular  uptake  of  the  inhibitory 
neurotransmitters  GABA  and  glycine  and  the  excitatory  neurotransmitler  glutamate  is  essential 
for  the  understanding  of  the  transmitter  function  of  the  different  amino  acids.  The  transport 
systems  have  been  studied  in  detail  both  with  regard  to  kinetics,  inhibitors,  regional  distribution 
and  specificity.  On  the  basis  of  the  present  investigation,  this  discussion  will  focus  on  the  following 
points:  Comparison  of  the  mechanisms  of  uptake  of  GABA  and  glutamate,  with  emphasis  on  the 
different  effects  of  anions  (4.1).  The  specificity  of  the  uptake  of  GABA,  glycine  and  glutamate,  and 
the  regional  distribution  of  the  uptake  of  these  amino  acids  in  the  brain  (4.2). 


4.1  Comparison  of  the  mechanisms  of  uptake  of  GABA  and  glutamate 

The  kinetic  properties,  energy  demand,  specificity  and  inorganic  ion  requirements  of  the  vesicular 
and  granular  transport  processes  are  different  from  that  observed  in  the  plasma  membrane  and 
mitochondrial  membrane.  One  function  of  the  neurotransmitter  transport  across  the  plasma 
membrane  is  to  terminate  the  overall  process  of  synaptic  transmission.  The  different  properties  of 
the  synaptosomal  uptake  and  the  vesicular  uptake  of  GABA  have  been  compared  (Paper  I).  The 
main  difference  is  that  the  plasma  membrane  uptake  is  dependent  on  Na*,  whereas  the  vesicular 
uptake  is  not.  The  GABA  and  glutamate  carriers  in  the  vesicle  membrane  have  lower  affinities 
than  the  plasma  membrane  carriers  (Paper  I,  Ponnum  et  al,  1980;  Naito  and  Ueda,  1985;  Kish  et 
al,  1989).  The  vesicular  uptake  is  stimulated  by  ATP  and  Mg2* ,  whereas  the  high  affinity  plasma 
membrane  uptake  is  not.  Christensen  and  coworkers  (1990)  have  shown  that  also  a  low  affinity 
plasma  membrane  uptake  of  glycine  is  stimulated  by  Na*  This  uptake  is  not  dependent  on  ATP 
and  Mg2*,  and  it  is  not  inhibited  by  the  proton  ionophore  carbonyl  cyanide  m-chloro 
phenylhydrazone  (CCCP).  This  clearly  demonstrates  the  difference  between  the  vesicular  low 
aiTinity  uptake,  and  the  high  afTinity  and  the  low  affinity  plasma  membrane  uptake. 

Vesicular  uptake  of  GABA  and  glutamate  is  found  to  be  inhibited  almost  to  the  same  extent  by  the 
proton  ionophore  CCCP  (Paper  ID.  Different  groups  have  reported  different  effect  of  the  ionophore 
nigericin  on  the  uptake  of  glutamate  (Paper  II;  Naito  and  Ueda,  1985;  Cidon  and  Sihra,  1989; 
Moriyama  et  al,  1990).  Nigericin  induces  an  exchange  of  H’/K*  across  a  membrane  in  the 
presence  of  K*  ions.  I  (Paper  II),  in  conformity  with  Naito  and  Ueda  (1985),  report  a  potent 
inhibitory  effect  of  nigericin  on  the  uptake  of  glutamate  in  the  presence  of  K*.  In  contrast,  in  two 
other  Papers  no  inhibitory  effect  of  nigericin  was  observed  (Cidon  and  Sihra,  1989;  Moriyama  et  a) , 
1990).  In  the  latter  works  a  much  lower  concentrations  of  K*  (4-10  mM)  was  used.  This  may 
explain  the  discrepancy  between  the  results. 

Glutamate  accumulation  in  vesicles  is  dependent  on  a  membrane  potential  gradient  across  the 
vesicle  membrane  (Maycox  et  al,  1988,  Cidon  and  Sihra,  1989;  Shioi  et  al,  1989;  Moriyama  et  al, 
1990).  A  vacuolar  proton  ATPase  generates  a  membrane  potential  (positive  inside),  a  proton 
gradient  or  both.  The  ATPase  generates  a  targe  proton  gradient  in  the  presence  of  a  high 
concentration  of  Cl .  In  the  absence  of  permeant  anions  in  the  vesicular  fraction  the  membrane 
potential  generated  is  maximal  (Maycox  etal,  1988).  It  has  been  shown  that  dissipation  of  the  pH 
component  does  not  affect  the  glutamate  uptake,  and  that  the  uptake  is  maximal  where  the 
membrane  potential  is  maximised.  Therefore,  the  uptake  is  solely  dependent  on  the  electrical 
gradient  generated  by  the  ATPase  (Maycox  et  al,  1988)  The  positive  membrane  potential  across 
the  vesicle  membrane  is  only  slightly  reduced  during  the  uptake  of  glutamate  (Maycox  et  al,  1988). 
Thus  charge  balance  is  largely  maintained  during  net  accumulation.  At  neutral  pH,  glutamate  is 
anionic,  so  that  compensation  of  inward  cationic  fluxes  or  outward  anionic  fluxes  probably  is 
associated  with  uptake.  Maximal  uptake  of  glutamate  occurred  at  a  concentration  of  about  4-10 
mM  Cl  (Papers  II,  III;  Naito  and  Ueda,  19851,  which  is  in  the  same  range  as  the  physiological 
intracellular  concentration.  The  reduced  uptake  of  glutamate  in  the  absence  of  Cl  probably 
reflects  a  direct  involvement  of  Cl  in  the  process.  An  alternative  model  involving  a  H*/glutamate 
antiport  has  been  postulated  (Shioi  and  Ueda,  1990).  The  intravesicular  Cl  itself  or  a  Cl  efflux 
may  enhance  the  presumed  II '/glutamate  antiport.  Zwitterionic  glutamate  molecules  are 
supposed  to  be  taken  up  by  the  vesicles.  Transported  glutamate  will  dissociate  and  liberate  H*- 
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ions  inside  the  vesicles,  thus  facilitating  a  further  influx  of  glutamate.  As  demonstrated  by 
Maycox  et  al  (1988)  acidification  of  the  vesicles  will  inhibit  the  transport  of  glutamate.  Removal  of 
the  H*-ions  by  a  H’/Cl  symport  may  be  necessary  for  the  glutamate  uptake.  The  uptake  of 
catecholamines  is  shown  to  be  maximal  in  the  presence  of  both  a  membrane  potential  and  a  proton 
gradient  (Holtz,  1978;  Johnson  etal.  1979). 

Hell  et  al  (1990)  concluded  that  the  uptake  of  GABA  is  driven  both  by  the  proton  gradient  and  by 
the  membrane  potential.  The  uptake  of  GABA  is  net  stimulated  by  low  concentrations  of  Cl  or  Br 
(Papers  II,  III).  This  is  in  agreement  with  Kish  etal  (1989)  In  contrast.  Hell  et  al  (1990)  found  that 
the  uptake  of  GABA  was  reduced  by  40%  in  the  absence  of  exogenous  Cl .  Maximal  uptake  of 
GABA  occurred  in  the  range  of  4-50  mM  Cl  Endogenous  Cl  in  the  vesicle  fraction  may  be 
responsible  for  the  uptake  of  GABA  in  the  absence  of  exogenous  Cl ,  but  this  is  not  very  likely.  In 
contrast,  even  1  mM  Cl  or  Br  stimulated  the  uptake  of  glutamate  3  and  4  fold,  respectively  In  a 
synaptic  vesicle  fraction  isolated  by  a  controlled  pore  glass  column  (Paper  III),  the  uptake  of  GABA 
was  not  stimulated  by  Cl  ions  (results  not  shown).  However,  it  is  possible  that  the  ATPase  of 
GABAergic  vesicles  uses  efflux  of  a  cation  to  generate  a  proton  gradient  across  the  vesicle 
membrane  Further  investigation  is  needed  to  be  able  to  confirm  this  statement. 

The  stilbene  disulfonate  derivates  SITS  (4-acetamido-4'-isothiocyano-stilbene-2,2’-disulfonic  acid) 
and  DIDS  (4,4*-diisothiocyano-2,2'-stiibene-disulfonic  acid)  are  known  to  be  blockers  of  anion- 
exchange  in  erythrocytes.  The  site  of  action  in  erythrocytes  is  the  protein  Band  3,  and  the 
CI/HCO3  exchange  is  inhibited  (Cabantchick  et  al,  1978)  5-Nitro-2-(3-phenylpropylamino)- 
benzoic  acid  (N144)  is  a  more  specific  anion  channel  antagonist  when  tested  in  kidneys 
(Wangemann  et  al,  1986).  The  uptake  of  glutamate  is  inhibited  more  potently  by  SITS,  DIDS  and 
N144  than  the  uptake  of  GABA  This  is  consistent  with  the  fact  that  glutamate  uptake  is  highly 
stimulated  by  low  concentrations  of  Cl  or  Br  (Papers  II,  III,  Naito  and  Ueda,  1985)  In  chromaffin 
granules  SITS  inhibited  the  Cl  stimulated  Mg^^ATPase  activity,  and  the  inhibition  was 
competitive  with  respect  to  Cl  ions  (Pazoles  et  al,  1980).  SITS  also  inhibited  accumulation  of  36C1 
by  chromaflln  granules  (Pazoles  and  Pollard,  1978).  The  stilbene  disulfonate  derivates  are  also 
known  to  block  proton  transport  The  proton  pump  activity  in  a  subfraction  of  rat  liver  highly 
enriched  in  uncoated  endocytotic  vesicles  was  totally  inhibited  by  25  pM  SITS  The  IC50  value  was 
determined  to  3.5  pM  (Flatmark  et  al,  1985).  The  inhibition  of  the  proton  transport  by  SITS  did  not 
affect  the  overall  Mg2’. ATPase  activity  of  that  system  (Flatmark  et  al,  1985)  The  proton  uptake 
activity  in  chromaffin  granules  is  also  found  to  be  much  more  sensitive  to  anions  than  the  ATPase 
activity  (Moriyama  and  Nelson,  1987).  SITS  and  N144  inhibited  the  vesicular  Mg^'^-ATPase 
activity  to  a  low  extent  compared  to  the  effect  on  the  vesicular  uptake  (Paper  111).  The  vesicular 
H  'ATPase  belongs  to  the  class  of  vacuolar  enzymes  (Cidon  and  Sihra,  1989;  Floor  etal,  1990),  and 
the  Mg2*-ATPase  of  the  glutamatergic  and  GABAergic  vesicles  are  probably  similar  As 
mentioned  earlier,  the  uptake  of  glutamate  is  shown  to  be  driven  by  the  electrical  potential,  which 
is  maximal  in  the  absence  of  permeant  anions  (Maycox  et  a),  1988).  It  is  therefore  reasonable  that 
the  more  potent  effect  of  SITS,  DIDS  and  N144  on  glutamate  uptake  is  due  to  an  effect  on  the 
glutamate  carrier  The  uptake  of  GABA  was  not  stimulated  by  anions,  and  is  inhibited  to  a  less 
extent  by  SITS,  DIDS  and  N144  (Paper  III).  This  implies  that  no  anion  related  site  is  involved  in 
the  uptake  of  GABA  Recently,  Maycox  et  al  (1990)  provided  evidence  for  functional  separation  of 
the  ATPase  and  transmitter  uptake  activity.  They  reported  that  the  proton  pump  of 
bacteriorhodopsin  can  substitute  for  the  endogenous  proton  pump  of  synaptic  vesicles.  The  uptake 
of  glutamate  was  strongly  reduced  when  the  concentration  of  Cl  was  reduced.  Thus  the  glutamate 
carrier  seems  to  be  dependent  on  Cl ,  and  a  glutamate/Cl  antiport  would  be  a  reasonable 
explanation.  However,  more  evidence  is  needed  to  support  this  view 


4.2  Specificity  and  regional  distribution  of  the  uptake  of  GABA,  glycine  and  glutamate 

The  distribution  of  the  vesicular  uptake  of  GABA  and  glutamate  in  different  brain  regions  is 
different  (Paper  IV).  This  is  in  agreement  with  the  fact  that  the  enzyme  synthesizing  GABA, 
glutamate  decarboxylase  (EC  4.1.1.15),  is  localized  in  specific  GABAergic  nerve  terminals 
(Fonnum  et  a),  1970).  The  subcortical  telencephalon,  which  contains  among  others  the  regions 
hypothalamus,  globus  pallidus  and  substantia  nigra,  showed  the  highest  vesicular  uptake  of 
GABA  (Paper  IV).  These  regions  are  known  to  be  rich  in  GABAergic  terminals  (Ottersen  and 
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Storm-Mathisen,  1984;  Fonnum,  1987)  The  cerebellar  granule  cells  are  considered  to  be 
glutamatergic  (Hackett  et  al,  1979),  and  the  Purkinje  cells  are  GABAergic  neurons  (Fonnum  et  al, 
1970).  Uptake  of  glutamate  has  been  studied  in  a  synaptic  vesicle  fraction  isolated  from  cerebellar 
mutant  mice.  The  uptake  of  glutamate  was  reduced  by  60  %  in  vesicles  from  mice  lacking  granule 
cells,  but  not  in  vesicles  from  mice  lacking  Purkinje  cells  (Fischer-Bovenkerk  et  al,  1988).  The  high 
alTinity  uptake  of  GABA  and  glutamate  is  also  differently  distributed  (Paper  IV;  Fonnum  et  al, 
1980).  Therefore,  the  glutamatergic  and  GABAergic  nerve  terminals  seem  to  diiTerentiate 
between  glutamate  and  GABA  on  three  levels,  namely  the  high  affinity  uptake,  the  distribution  of 
glutamate  decarboxylase,  and  the  vesicular  uptake. 

Christensen  and  Fonnum  (1991c)  have  found  that  the  ratio  between  the  vesicular  uptake  of  GABA 
and  glycine  is  similar  in  cerebral  cortex,  subcortical  telencephalon,  whole  brain,  and  spinal  cord. 
This  is  not  in  agreement  with  the  expected  distribution  of  glycinergic  neurons.  Glycine  is  proposed 
to  be  an  inhibitory  neurotransmitter  in  the  interneurons  of  spinal  cord  and  in  medulla  (Johnston 
and  Iversen,  1971).  The  supraspinal  distribution  of  vesicular  glycine  uptake  is  probably  due  to 
uptake  into  non-glycinergic  vesicles  The  results  of  Paper  V,  that  the  uptake  of  glycine  is 
competitively  inhibited  by  GABA  and  vice  versa  support  the  idea  that  glycine  is  taken  up  into  non- 
glycinergic  neurons  in  supraspinal  regions.  In  addition,  the  structure  analogues  GABA,  glycine 
and  p-alanine  are  taken  up  into  synaptic  vesicles  isolated  from  rat  brain  and  rat  spinal  cord  (Paper 
V)  The  high  affinity  uptake  if  GABA  and  glycine  are  different  (Balcar  and  Johnston,  1973)  This 
means  that  the  plasma  membrane  of  GABAergic  terminals  transport  GABA,  and  the  plasma 
membrane  of  glycinergic  terminals  transport  glycine  The  concentration  of  GABA  in  GABAergic 
terminals  has  been  estimated  to  be  50-150  mM  (Fonnum  and  Wahiberg,  1973).  It  is  therefore 
reasonable  to  expect  a  great  difference  in  the  concenti  ation  between  GABA  and  glycine  in 
GABAergic  neurons  and  the  vesicles  will  predominantly  accumulate  GABA.  In  addition,  GABA 
has  higher  aflinity  for  the  vesicular  transporter  than  glycine  (Paper  I;  Kish  et  al, 
1989;Christensen  et  al,  1990).  In  this  way  nature  seems  to  be  able  to  cope  with  the  fact  that  the 
specificity  cf  the  vesicular  GABA  and  glycine  transporter  is  similar 

There  has  been  some  dispute  concerning  the  results  on  the  specificity  of  the  vesicular  GABA  and 
glycine  transporters.  As  pointed  out  earlier  (discussion  of  methods),  Kish  et  al  (1989)  obtained  a 
low  ratio  of  GABA/glutamate  uptake  (0.03)  and  glycine/GABA  uptake  (0.13),  and  in  an  earlier 
study  they  did  not  find  any  uptake  of  GABA  at  all  (Naito  and  Ueda,  1983).  These  results  indicate 
that  they  have  problems  with  isolating  GABAergic  vesicles.  Therefore,  to  detect  any  vesicular 
glycine  uptake  can  be  difficult  due  to  the  lower  aifinity  of  the  glycine  uptake  In  addition  they  did 
not  find  any  inhibition  of  the  uptake  of  GABA  by  glycine  and  vice  versa.  This  was  probably  due  to 
the  different  kinetic  conditions  that  was  used  (Kish  et  al,  1989)  They  concluded  that  the  properties 
of  GABA  and  glycine  uptake  are  different,  and  that  GABA  and  glycine  are  taken  up  into  different 
vesicle  populations.  The  specificity  of  the  glycine  uptake  will  be  further  discussed  elsewhere 
(Christensen  Dr  Scient  thesis  1991). 

The  findings  that  GABA  and  glycine  can  be  taken  up  into  the  same  vesicle  population  are 
interesting,  in  view  of  the  colocalization  of  GABA  and  glycine  immunoreactivity  in  cerebellum 
(Ottersen  et  al,  19881,  cochlear  nuclei  (Wenthold,  1987)  and  retina  (Yazulla  and  Yang,  1988)  It 
has  also  been  suggested  by  Ottersen  et  al  (1990)  that  GABA  and  glycine  may  be  released  from  the 
same  neuron,  at  least  from  the  cerebellar  Golgi  cell  terminals. 

It  should  be  kept  in  mind  that  the  uptake  of  noradrenaline  and  dopamine  in  synaptic  vesicles 
prepared  from  rat  brain  is  relatively  non-specific.  Noradrenaline  containing  vesicles  can  take  up 
noradrenaline,  dopamine  and  serotonin.  In  vesicle  fractions  from  whole  brain  dopaminergic 
vesicles  are  responsible  for  a  significant  portion  of  the  noradrenaline  uptake  (Slotkin  et  al,  1978). 
It  is  also  shown  that  the  vesicles  isolated  from  corpus  striatum  exhibited  the  same  ratio  of  uptake 
of  dopamine/noradrenaline  as  did  vesicles  from  cerebral  cortex.  N'^radrenaline  also  competitively 
inhibited  the  dopamine  uptake  (Slotkin  et  al,  1978).  In  addition,  both  dopaminergic  and 
noradrenergic  nerve  endings  in  the  brain  can  take  up  either  catecholamine  (Snyder  etal,  1970), 
but  the  regional  distribution  of  these  neurotransmitters  in  the  brain  is  different,  e  g.  corpus 
striatum  contains  large  quantities  of  dopamine  with  very  little  noradrenaline  (Moore  and  Bloom, 
1978,  1979). 
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In  general,  Ihe  vesicular  uptake  of  GABA,  glycine  and  catecholamines  is  non-speciTic.  This  non- 
speciTicity  turns  out  to  be  a  rule  rather  than  an  exception  in  nature.  In  contrast,  the  transporter  of 
the  glutamatergic  vesicles  seems  to  be  specific  for  glutamate  (Paper  IV,  Fischer-Bovenkerk,  1988) 
The  Na*  dependent  glutamate  uptake  system  in  nerve  endings  does  not  distinguish  between 
glutamate  and  aspartate  (Logan  and  Snyder,  1972;  Davies  and  Johnson,  1976).  Aspartate, 
suggested  to  be  an  excitatory  neurotransmitter  in  a  few  pathways  in  the  central  nervous  system,  is 
not  taken  up  into  the  vesicles  (Paper  V,  Naito  and  Ueda,  1983)  So  far  investigated,  glutamate  is 
the  only  neurotransmitter  which  has  a  vesicular  carrier  stimulated  by  a  low  concentration  of  Cl  A 
glutamate/CI  antiport  or  a  glutamate  carrier  coupled  to  a  Cl  channel  may  be  involved  in  the 
uptake  of  glutamate. 


5  CONCLUSIONS 

1)  The  inhibitory  neurotransmitter  GABA  is  taken  up  into  mammalian  synaptic  vesicles  (Paper 

1)  Both  the  uptake  of  GABA  and  glutamate  are  driven  by  an  electrochemical  gradient  generated 
by  a  Mg2*-ATPase  (Paper  II). 

2)  The  uptake  of  glutamate  is  stimulated  by  low  concentrations  of  Cl  or  Br ,  while  the  uptake  of 
GABA  is  hardly  affected  The  uptake  of  glutamate  is  more  potently  inhibited  by  blockers  of  anion 
exchangers  than  the  uptake  of  GABA.  A  possible  mechanism  for  the  uptake  of  glutamate  may  be  a 
glutamate/Cl  antiport  (Paper  Ill) 

3)  The  specificity  of  the  uptake  of  GABA  and  glutamate  is  different,  and  the  transmitters  are 
taken  up  into  different  populations  of  synaptic  vesicles.  The  substrate  specificity  of  the  uptake  of 
GABA  and  glycine  is  similar,  and  both  are  taken  up  into  brain  vesicles  and  spinal  cord  vesicles  in 
vitro  (Papers  fV.  V).  Thus  the  vesicular  uptake  does  not  differentiate  between  GABA  and  glycine 
as  transmitter  candidates  in  specific  terminals. 
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Abstract:  Y-Aminobutyric  add  (GABA)  was  taken  up  by  a 
MgATP^iependem  mechanism  into  synaptic  vesicles  iso¬ 
lated  by  hypoosmotic  shock  and  density  gradient  centrifu¬ 
gation.  The  properties  of  the  vesicular  uptake  differed 
clearly  from  those  of  synaptosomal  and  glial  uptake,  both 
with  respect  to  Na*.  Mg^*.  and  ATP  dependence  and  with 
respect  to  response  to  general  GABA  uptake  inhibitors  such 
as  nipecotic  add.  diaminobutyric  add.  and  S-alanine.  The 
uptake  showed  a  of  5.6  toM  and  a  net  uptake  rate  of 


1,500  pmol/min/mg  of  protdn.  It  is  suggested  that  the  ve¬ 
sicular  uptake  of  GABA  is  driven  by  an  electrochemical 
proton  gradient  generated  by  a  Mg^'-ATPase.  Key  Words; 
Synaptic  vesicles — Synaptosomes — y-Aminobutyric 
add — y-Aminobutyric  add  uptake.  Fykse  E.  M.  and  Fon- 
num  F.  Uptake  of  y-aminobutyric  add  by  a  synaptic  vesicle 
fraction  isolated  from  rat  brain.  J  Neurochem  SO. 
1237-1242(1988). 


y-Aminobutyric  acid  (GABA)  is  probably  the 
major  inhibitory  neurotransmitter  in  the  CNS 
(Kntjevic,  1970;  Fonnum,  1978,  1987).  It  is  well  es¬ 
tablished  that  glutamic  acid  decarboxylase  (EC 
4, 1 . 1 . 1 5),  the  enzyme  that  synthesizes  GABA,  is 
highly  localized  in  the  nerve  terminal,  probably  in  the 
cytosol  (Salganicoff  and  De  Robertis,  1965;  Fonnum, 
1968).  Attempts  to  show  an  enrichment  of  GABA  in 
synaptosomes  or  synaptic  vesicles  compared  with 
other  subcellular  fractions  have  not  been  very  con¬ 
vincing  (De  Belleroche  and  Bradford.  1973;  Lahdes- 
maki  et  al.,  1977;  Wood  and  Kuiylo,  1984).  In  fact,  it 
was  earlier  concluded  that  vesicles  do  not  contain 
amino  acids  in  any  significant  concentration  (Man- 
gan  and  Whittaker,  1966;Rassin,  1972;  Kontroetal., 
1980).  The  lack  of  evidence  for  an  enrichment  of 
GABA  in  vesicles  has  been  attributed  to  the  possible 
leakage  of  the  amino  acids  during  the  subcellular 
fractionation  procedure. 

Recent  evidence  indicates  that  L-glutamate  is  taken 
up  in  an  ATP-dependent  manner  by  synaptic  vesicles 
isolated  from  bovine  brain  by  antibodies  against  pro¬ 
tein  I  (Naito  and  Ueda,  1983,  1985).  This  supports 
the  notion  that  synaptic  vesicles  may  be  involved  in 


synaptic  transmission  of  amino  acids.  Naito  and 
Ueda  (1982),  however,  failed  to  show  uptake  of 
GaBA  into  the  immunoprecipitated  synaptic  vesicle 
fraction.  Recently,  Orrego  et  al.  (1986)  also  failed  to 
show  uptake  of  GABA  into  a  vesicle  fraction. 

In  the  present  work,  we  have,  therefore,  reinvesti¬ 
gated  the  uptake  of  GABA  into  synaptic  vesicles  iso¬ 
lated  from  rat  brain.  We  have  also  compared  the  ve¬ 
sicular  and  synaptosomal  uptake  under  different 
conditions. 

MATERIALS  AND  METHODS 

GABA,  ATP  (disodium  salt),  carbonylcyanid-m-chioro- 
phenylbydtazone  (CCCP),  ouabain,  L-glutamate  (disodium 
salt),  D-aspartate,  diaminobutyric  acid  (DaBA).  nipecotic 
acid,  and  d-alanine  were  purchased  from  Sigma  Chemical 
Co.  (U.S.A.).  Oligomycin  was  obtained  from  Serva 
(GmbH).  [2.3-’H]GABA  (71.5  Ci/mmol)  was  from  Amer- 
sham  (U.K.). 

Purificatioa  of  synaptosomes  and  synaptic  vesicles 

Male  Wistar  rats,  weighing  200-250  g  were  used  in  all 
experiments.  Animals  were  killed  by  decapitation,  and  the 
brains  were  quickly  removed.  The  subcellular  fractionation 
was  carried  out  according  to  the  original  procedure  of 
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Whittaker  et  al.  ( 19A4).  except  that  10  m.V/  Tris-HCl  (pH 
7  4)  and  I  0  EGTA  were  included  in  the  sucrose  solu¬ 
tion  (Stadler  and  Tsukita.  1984).  The  crude  synaptosomal 
pellet  (P;)  was  osmotically  shocked  by  resuspension  in  0,1 
m,)/  EGTA  and  10  m-W  Tris-HCl  buffer  (pH  7.4)  and  cen¬ 
trifuged  at  1 7,0(X)  g  for  30  min.  The  remaining  supemaunt 
containing  vesicles  was  subjected  to  sucrose  density  gra¬ 
dient  centrifugation  in  a  Contron  TST  38.38  rotor  at 
65.000  g  for  2  h,  and  the  vesicle  fraction  (D)  was  isolated 
from  0.4  .1/  sucrose  as  originally  described.  In  some  cases, 
the  D  fraction  was  diluted  with  0. 1 5  M  KQ  and  recentri¬ 
fuged  at  100,0(X)  g  for  3  h.  and  the  pellet  was  used  in  the 
uptake  experiments. 

A  crude  synaptosomal  pellet  (P-)  resuspended  in  0.25  .1/ 
sucrose  and  5  mM  Tris-HCl  (pH  7.4)  was  subjected  to 
GABA  uptake  expenments. 

Assay  for  GABA  uptake 

GABA  uptake  was  determined  essentially  as  described  by 
Naito  and  Ueria  (1982,  1985)  for  vesicular  ^utamate.  The 
standard  incubation  mixture  for  assaying  vesicularand  syn¬ 
aptosomal  GABA  uptake  contained  0.25  M  sucrose.  5  mM 
Tris-HQ  (pH  7.4),  and  4  mM  MgSO<.  The  standard  incu¬ 
bation  medium  for  synaptosomes  contained,  in  addition. 
50  mM  NaO.  Synaptic  vesicles  (0.2-0. 3  mg  of  protein)  and 
synaptosomes  (0.05  mg  of  protein)  were  preincubated  in 
275  m1  of  standard  incubation  mixture  for  15  min  at  30°C. 
(’HjGABA  (final  concentration  =  44  iM:  0.1  Ci/mmol) 
alone  or  with  ATP  (final  concentration  =  2  mM:  disodium 
salt  neutralized  with  Tris  base)  was  added  in  25  ul.  and  the 
mixture  was  further  incubated  for  3  min  at  30*C.  The  up¬ 
take,  if  not  otherwise  stated,  was  terminated  by  addition  of 
5  ml  of  ice<old  0. 1 5  .3/  KQ,  followed  by  immediate  filtra¬ 
tion  through  MUlipore  Hawp  filters  (diameter  25  mm; 
pore  size  «  0.45  am).  The  incubation  tubes  and  filters  were 
further  washed  twice  with  ice-cold  0.15  M  KQ  solution. 
Filters  were  then  dissolved  in  10  ml  of  Filter  Count  (Pack¬ 
ard),  and  the  radioactivity  was  determined  in  a  Packard 
Tri-Carb  300  liquid  scintillation  counter  with  a  counting 
efficiency  of  54-56%.  Blanks,  treated  similarly  but  incu¬ 
bated  at  0”C.  were  977  ±  20  (n  =  37)  and  757  £  50  cpm  (n 
=  15)  (mean  £  SEM)  for  the  vesicular  and  synaptosomal 
system,  respectively  GABA  concentration,  incubation 
time,  and  addition  of  different  metabolic  inhibitors  had  no 
significant  effect  on  the  blank  values.  The  blank  values, 
corresponding  to  20-30%  of  the  radioactivity,  were  re¬ 
tained  on  the  filters  under  standard  GABA  uptake  condi¬ 
tions. 

In  each  'xperiment,  both  samples  and  blanks  were  as¬ 
sayed  in  triplicate,  and  the  mean  value  was  used.  In  some 
experiments,  the  GABA  concentration  was  varied  from  44 
iM  to  10  mM,  and  in  others,  the  incubation  time  was 
varied  between  90  s  and  10  min.  When  the  effect  of  the 
metabolic  Inhibitors  CCCP,  oligomycin,  and  ouabain  was 
examined,  they  were  included  in  the  preincubation  mix¬ 
ture.  CCCP  and  oligomycin  were  dissolved  in  absolute  eth¬ 
anol.  The  final  concentration  of  ethanol  was  ~  1%,  and  it 
had  no  significant  effect  on  uptake. 

Synaptosomal  GABA  uptake  inhibitors  (see  Table  3) 
were  ail  added  to  the  preincubation  medium.  The  inhibitor 
solutions  were  adjusted  to  pH  7.4  with  NaOH  when  neces¬ 
sary. 

In  some  experiments,  the  vesicle  fraction  was  pelleted  by 
centrifugation  at  100,000  g  for  3  h.  and  the  pellet  was 


treated  with  trichloracetic  acid  (2.5%)  to  release  the  amino 
acids.  The  supernatant  was  extracted  with  ether  to  remove 
trichloracetic  acid,  then  reacted  with  o-phthaldialdehyde 
under  slightly  alkaline  conditions,  and  subjected  to  HPLC 
as  previously  described  (Lindroth  and  Mopper.  1979)  The 
amino  acid  content  was  determined  by  fluorescence,  and 
the  radioactivity  was  determined  by  scintillation  counting 
of  I -ml  fractions. 

Protein  contents  in  the  synaptosome  and  vesicle  prepara¬ 
tions  were  measured  as  described  by  Lowry  el  al  (1951). 

Statistics 

For  uptake  studies,  the  results  were  expressed  as  mean 
£  SEM  values.  Groups  of  data  were  analyzed  by  Student’s  t 
test.  The  and  values  were  calculated  with  a  linear 
regression  program  (Chou  and  Chou,  1985). 


RESULTS 

We  have  studied  the  uptake  of  GABA  into  a  syn¬ 
aptic  vesicle  fraction.  In  most  experiments,  the  vesi¬ 
cle  fraction  (D)  was  used  directly,  but  in  some  experi¬ 
ments,  a  resuspension  of  the  vesicle  pellet  after  cen¬ 
trifugation  of  the  D  fraction  (diluted  with  0. 1  fi  .M 
KQ)  at  100,000  j  for  3  h  was  used.  The  suspension  of 
the  vesicle  pellet  and  the  D  fraction  gave  similar  re¬ 
sults,  but  the  D  fraction  usually  gave  a  higher  uptake. 

The  uptake  was  stimulated  four-  or  fivefold  at 
30°C  compared  with  0“C.  The  vesicular  uptake  was, 
therefore,  highly  temperature  dependent  and  uptake 
at  0°C  was  taken  as  the  blaitk  throughout  the  investi¬ 
gation.  When  the  extract  from  vesicles  was  reacted 
with  ophthaldialdehyde  and  subjeaed  to  HPLC.  the 
radioactivity  traveled  with  the  GABA  peak. 

When  the  vesicular  fraction  was  diluted  and 
washed  with  water  instead  of  0. 1 5  M  KQ,  uptake  was 


TABLE  1 .  Vesicuiar  uptake  of  [’HjGABA 


Treatment 

GABA  uptaJee 

pmol/mm/mg 
of  protein  % 

Control 

9.1  ±  1.2  (8) 

100 

Minus 

ATP 

l.6i0.6(5r 

16 

Minus 

Mr* 

4.8  £  0.9  i»t 

53 

Plus 

5  uM CCCP 

3.6  £  0.7  (3)* 

40 

Plus 

10  CCCP 

3.4  £  0.8  (4)* 

37 

Plus 

50  mM  Na* 

8.4  ±  0.8  (6) 

92 

Plus 

2.5  m  of  oligomycin 

7.6  ±  0.9  (5) 

84 

Plus 

167  ilM  ouabain 

8.3  z  0.6  (6) 

91 

A  soluble  vesicle  fraction  (D  fraction)  or  a  vesicle  pellet  was 
incubated  in  0.25  M  sucrose.  5  mM  Tris-HO  (pH  7.4).  4  mM 
MgSO,.  2  rtiA#  ATP,  and  44  *Af  [’H]GABA  (0. 1  Ci/mmol)  for  3 
min  at  30*C.  The  amount  of  GABA  retained  in  the  vesicles  was 
determined  as  described  in  Materials  and  Methods.  Dau  are  mean 
£  SEM  values  (no.  ofdeterminaPons). 

•  p  <  O.OOt,  ^  <  0.05  by  Student's  r  test 
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reduced  by  80%.  Under  such  conditions,  the  vesicles 
were  osmotically  shocked,  and  accumulated  GABA, 
therefore,  leaked  out.  This  confirms  that  we  are  deal¬ 
ing  with  uptake  into  osmotically  sensitive  particles 
rather  than  with  membrane  binding. 

The  uptake  was  highly  dependent  on  ATP  (Table 
1 ).  In  the  absence  of  ATP.  uptake  was  reduced  by 
84%.  The  uptake  was  also  dependent  on  Mg^",  an 
observation  indicating  the  involvement  of  a  Mg^*- 
ATPase.  In  the  presence  of  small  concentrations  of 
the  proton  carrier  CCCP,  the  ATP-dependent  uptake 
of  GABA  was  inhibited.  This  indicates  the  impor¬ 
tance  of  the  electrochemical  gradient  generated  by  a 
proton  pump  ATPase  in  the  synaptic  vesicle  mem¬ 
branes. 

Oligomycin  and  ouabain  had  no  significant  effect 
on  ATP-dependent  GABA  uptake  (Table  1).  These 
agents  are  known  to  inhibit  the  mitochondrial  and 
plasma  membrane  Na'.K’-ATPases,  respectively. 
This  confirms  that  mitochondrial  and  plasma  mem¬ 
brane  ATPases  were  not  involved  in  the  GABA  up¬ 
take  described. 

The  uptake  of  GABA  into  the  vesicular  fraction 
was  compared  with  that  into  the  synaptosome  frac¬ 
tion  (Table  2).  Unlike  vesicular  uptake,  synapto¬ 
somal  uptake  of  GABA  was  highly  stimulated  by  ad¬ 
dition  of  50  aiM  NaQ  (almost  15-fold).  The  uptake 
of  GABA  into  synaptosomes  was  not  reduced  by  re¬ 
moval  of  Mg^*  or  ATP,  but  it  was  inhibited  by  CCCP. 

The  time  course  of  ATP-dependent  GABA  uptake 
up  to  10  min  is  shown  in  Fig.  I .  Maximal  uptake  was 
reached  after  ~5  min  of  incubation. 

The  vesicular  GABA  accumulation  in  the  presence 
of  ATP  was  saturable  with  respect  to  GABA  (Fig. 
2A).  The  K„  value  for  GABA  in  the  presence  of  ATP 
was  determined  to  be  5.6  rtuV/.  and  the  value  was 
1.500  pmol/min/mg  of  protein  (Fig.  2B). 

As  shown  in  Table  3,  the  uptake  of  GABA  into 


TABLE  2.  Accumulation  ofl^HjGABA  by  a  crude 
synaptosomal  fraction 


GABA  uptake 


Treatment 

pmol/min/tng 
of  protein 

% 

Control 

98.1  ±  7.5 

100 

Minus 

ATP 

99.0  ±3.9 

lOI 

Minus 

Mg'* 

195.2  ±27.5* 

199 

Plus 

l0*iA/CCCP 

34.0  ±  4.2* 

34 

Minus 

50  mM  Na* 

6.8  ±  2.7* 

7 

A  crude  synaptosomal  pellet  (P;)  dissolved  in  0.25  3/ sucrose  and 
5  mM  Tris-HCl  (pH  7.4)  was  incubated  with  4  mM  MgSO«.  50 
mM  NaO.  2  mM  ATP.  and  44  nM  [^HIGABA  (0. 1  Ci/mmol)  for  3 
min  at  30**C.  The  amount  of  GABA  retained  in  the  synaptosomes 
was  determined  as  described  in  Materials  and  Methods.  Data  are 
mean  ±  SEM  values  from  three  determinations. 

■’  p  <  0  05.  ’p  <  0.001  by  Student's  /  test. 


FIG.  1.  Time  couTM  of  {^]GA6A  uptake  by  synaptic  vesides 
Synaptic  vesicles  (D  fraction)  were  incubated  in  0.25  M  sucrose.  5 
mM  Ths-HO  (pH  7.4).  4  mM  MgSOg.  2  mM  ATP.  and  44 
(^]GABA  (0.1  Ci/mmol)  at  OO^’C  for  vanous  times.  Eacfi  point  is 
the  average  of  three  or  four  separate  expenments.  and  the 
amount  of  GABA  accumulated  in  the  vesicles  was  deterTTw>ed  as 
described  in  Matenais  arx]  Methods.  The  bars  indicate  SEM. 


synaptic  vesicles  was  not  inhibited  by  general,  synap¬ 
tosomal.  and  glia)  GABA  uptake  inhibitors  such  as 
nipecotic  acid,  DABA,  or  (J-alanine.  Uptake  was  not 
inhibited  by  L-glutamate  or  D-aspartate. 

DISCUSSION 

In  the  present  study,  we  provide  evidence  for  a 
MgATP-dependent  uptake  system  for  GABA  into 
synaptic  vesicles  isolated  from  rat  brain.  Accumula¬ 
tion  of  GABA  by  synaptic  vesicles  was  highly  depen¬ 
dent  on  temperature.  The  vesicular  system  was  satu¬ 
rable  with  respect  to  time  and  substrate  concentra¬ 
tion.  Comparrt  with  synaptosomal  GABA  uptake, 
the  affinity  and  maximal  rate  were  low.  Vesicular 
uptake  was  inhibited  by  the  proton  carrier  CCCP,  but 
it  was  not  inhibited  by  ouabain  and  oligomycin.  Un¬ 
like  uptake  into  synaptosomes.  vesicular  uptake  was 
independent  of  NaCl  and  was  not  inhibited  by 
DABA.  d-alanine.  or  nipecotic  acid.  GABA  accumu¬ 
lated  in  synaptic  vesicles  was  released  under  hypoos- 
motic  conditions.  Thus,  the  radioactive  GABA  re¬ 
tained  on  the  filters  was  due  to  uptake  rather  than 
binding. 

Previously,  Naito  and  Ueda  (1983)  failed  to  show 
any  uptake  of  GABA  into  immunoprecipitated  vesi¬ 
cles.  In  this  preparation,  they  were  only  able  to  show 
accumulation  of  glutamate.  However,  recently,  in  a 
preliminary  report,  they  described  an  ATP-depen¬ 
dent  uptake  of  GABA  into  synaptic  vesicles  prepared 
by  Percoll  gradient  centrifugation  (Kish  et  al..  1987). 
In  the  present  work,  we  also  provide  evidence  for  a 
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FIG.  2.  Substrate  dependence  of  [^H]GA8A  accumulation  by 
synaptic  vesicles.  A:  Rate  of  ATP-dependent  vesicular  uptake  of 
(^IGABA  as  a  function  of  GABA  concentration.  Synaptic  vesicles 
(0  fraction)  were  Incubated  In  0.25  M  sucrose.  5  rnM  Tris^tCf  (pH 
7  4),  SmWMgSOj.  and2niM  ATP  Tfie  (SABA  concentration  was 
varied  between  500  uM  and  10  mM,  and  the  amount  of  GABA 
retained  m  the  vesicles  after  3  mm  at  30°C  was  determined  as 
descnbed  in  Matenals  and  Methods.  Each  point  represents  spe¬ 
cific  GABA  uptake  (the  average  of  three  separate  experiments); 
bars  indicats  SEM.  B:  Ooubla  redprocai  plot  of  the  data  from  A. 
The  (5.6  mM)  and  Vmn  (1 .500  pmol/min/mg  of  protein)  values 
were  calculated  with  a  linear  regression  program  (Chou  and  Chrxi. 
1985) 


specific  vesicular  GABA  uptake  system.  There  has 
not  yet  been  any  satisfactory  evidence  for  localization 
of  GABA  in  synaptic  vesicles,  and  the  mechanism  of 
storage  and  release  into  the  synaptic  cleft  is  not  clear 
(De  Belleroche  and  Bradford,  1973;  Lahdesmaki  et 
al.,  1977).  The  present  results  indicate  the  storage  of 
GABA  in  synaptic  vesicles  and,  therefore,  the  possi¬ 
ble  involvement  of  synaptic  vesicles  in  GABAergic 
synaptic  transmission.  Other  criteria  need  to  be  ful¬ 
filled  before  this  can  be  firmly  established. 


Accumulation  of  GABA  by  synaptic  vesicles  iso¬ 
lated  from  rat  brain  required  ATP  hydrolysis  and 
Mg^*.  These  results  are  similar  to  the  results  of  Naito 
and  Ueda  (1983.  1985)  on  glutamate  uptake.  Their 
uptake  system  has  been  reported  to  be  highly  speafic 
for  L-glutamate  and  driven  by  a  vesicle  Mg^*-ATP- 
ase,  generating  an  electrochemical  proton  gradient. 
We  have  demonstrated  that  accumulation  of  GABA 
by  synaptic  vesicles  from  rat  brain  was  significantly 
decreas^  in  the  absence  of  ATP  and  Mg^*  and  in  the 
presence  of  CCCP,  an  inhibitor  of  proton  pumps  and 
an  uncoupler  of  oxidative  phosphorylation  (Heytler 
and  Prichard.  1962).  In  contrast,  oligomycin.  a  well- 
known  inhibitor  of  mitochondrial  ATPase,  did  not 
alfect  uptake.  This  indicates  that  mitochondrial 
membranes  could  not  be  responsible  for  the  vesicular 
uptake.  Ouabain,  an  agent  known  to  inhibit  plasma 
membrane  Na*,K^-ATPase  and  synaptosomal 
GABA  uptake  (Nicklas  et  al..  1973),  had  no  effect  on 
the  ATP-jependent  vesicular  uptake.  Because  mam¬ 
malian  synaptic  vesicles  contain  an  ATP-dependent 
proton  pump  (Stadler  and  Tsukita,  1984),  we  pre¬ 
sume  that  GABA  uptake  is  driven  by  a  vesicle  Mp*- 
ATPase,  generating  an  electrochemical  proton  gra¬ 
dient. 

Using  synaptic  vesicles  from  the  electric  organ  of 
Torpedo,  it  has  been  shown  that  acetylcholine  is  also 
taken  up  in  a  saturable  MgATP-dependent  manner 
(Koenigsberger  and  Parsons,  1980;  Parsons  and 
Koenigsberger,  1980;  Anderson  et  al.,  1982;  Parsons 
et  al.,  1982).  Uncouplers  like  nigericin,  valinomycin, 
and  carbonylcyanid  p-trifluoromethoxyphenylhydra- 
zone  act  as  potent  inhibitors  of  active  acetylcholine 
uptake.  Synaptic  vesicles  isolated  from  the  rat  brain 
also  accumulate  [^H]noradrenaline  and  S-[^H]- 
hydroxytryptamme  (Seidler  et  al.,  1977.  Halaris  and 
DeMet.  1978)  in  a  MgATP-dependent  manner 


TABLE  3.  Effects  of  ammo  acids  and  synaptosomal 
GABA  uptake  inhibitors  on  vesicular  uptake  of/'HjGABA 


Test  agent 

CaBA  uptake 
(pmol/min/mg  of 
protein) 

.None  (control) 

U.l  ±2.0(5) 

3-Ala  (10  nuV/) 

9.2  ±0.8  (3) 

L-Olu  (10  mM) 

14.3  ±  1  7(3) 

I>-Asp(l0  mAf) 

13.4  ±2.0  (3) 

DABACl  mM) 

13.3  ±2.2  (3) 

Nipecotic  add  ( 1  olW) 

10.7  5:  1,7(3) 

A  soluble  vesicle  fraction  (D  fraction)  was  incubated  in  0,25  .W 
sucrose,  5  mM  Tris-HG  (pH  7.4).  4  mM  MgSOa.  2  mM  ATP.  and 
44  liA^f^HiGABA  (0. 1  Ci/mmol).  The  test  agents  were  includnj  m 
the  preincubation  medium.  The  amount  of  GABA  accumulated  by 
the  vesicles  was  determined  as  described  in  Materials  and  Methods. 
Data  are  mean  £  SEM  values  (no.  of  determinations).  The  values 
are  not  significantly  different  from  the  control  (Student's  i  test). 
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These  reports  agree  with  our  results.  Accumulation  ot 
neurotransmitters  by  isolated  synaptic  vesicles  is  an 
active  process,  probably  driven  by  an  electrochemical 
gradient. 

The  Km  value  determined  <5.6  mM)  indicates  a 
low-affinity  system  for  GABA  uptake  into  synaptic 
vesicles.  Naito  and  Ueda  (1985)  also  found  a  low-af¬ 
finity  Km  value  for  glutamate  uptake  ( 1 .6  rmV/)  into 
synaptic  vesicles.  The  concentration  of  GABA  in  the 
GABAergic  terminals  has  been  estimated  to  be 
50-150  mM  (Fonnum  and  Walberg,  1973).  A  large 
part  of  this  pool  is  probably  intravesicular,  and  the 
concentration  in  the  cytosol  may,  therefore,  be  of  the 
same  order  of  magnitude  as  the  Km  of  the  vesicular 
uptake.  In  contrast,  Seidler  et  al.  f  1 977)  described  a 
higher  affinity  for  uptake  of  catecholamine  into  syn¬ 
aptic  vesicles  isolated  from  rat  brain. 

The  described  vesicular  uptake  of  GABA  differs 
clearly  from  that  of  synaptosomal  uptake  of  GABA 
with  respect  to  dependence  on  Na*  (Martin  and 
Smith,  1972:  Kanner,  1978)  and  ATP  (Kanner, 
1978). 

CCCP,  the  electrogenic  proton  carrier,  inhibited 
both  the  vesicular  and  the  synaptosomal  transport 
systems.  The  synaptosomal  uptake  of  GABA  requires 
both  Na*  and  G“  gradients,  which  are  electrogeni- 
cally  maintained  (Kanner  and  Radian.  1986).  In  the 
case  of  synaptosomes,  CCCP  will,  therefore,  inhibit 
the  uptake  by  decreasing  the  membrane  potential 
(Kanner,  1978). 

It  is  particularly  interesting  that  /^-alanine,  DABA. 
and  nipecotic  acid  had  no  effect  on  GABA  uptake 
into  vesicles.  It  is  well  established  that  DABA  and 
d-alanine  are  potent  inhibitors  of  synaptosomal  and 
glial  uptake,  respectively,  and  that  nipecotic  acid  in¬ 
hibits  both  (Iversen  and  Kelly,  1975;  Krogsgaard- 
Larsen  and  Johnston,  1975;  Schon  and  Kelly,  1975). 

In  conclusion,  the  vesicular  uptake  of  GABA  is 
driven  by  a  Mg^*-ATPase  coupled  to  an  electrogenic 
pump.  The  vesicular  uptake  system  is  clearly  differ¬ 
ent  from  those  of  glia  and  synaptosomes. 
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Comparison  of  the  Properties  of  7-Aminobutyric  Acid 
and  L-Glutamate  Uptake  into  Synaptic  Vesicles 
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.Abstract:  Rat  brain  synaptic  vesicles  exhibit  ATP^dependent 
uptake  of  7-[’H]amino-«-butyric  acid  (['HJGABA)  and  L- 
[’Hjglutaniate.  After  hypotonic  shock,  the  highest  specific 
activities  of  uptake  of  both  L-glutamate  and  GABA  were  re¬ 
covered  in  the  0.4  ST  ftachan  of  a  sucrose  gradient.  The  up¬ 
takes  of  L-glutamate  and  GABA  were  inhibited  by  similar, 
but  nut  identical,  concentrations  of  the  mitochondrial  un¬ 
coupler  carbonyl  cyanide  m-chlorophenylhydrazone  and  the 
lonophores  nigericin  and  gramicidin,  but  they  were  not  in¬ 
hibited  by  the  K*  carrier  valinomycin.  MiV'-Dicyclohcxyl- 
carbodiimide  and  .V-ethylmaleimide,  Mr*-ATPase  inhibi¬ 
tors.  inhibited  the  GABA  and  L-glutamate  uptakes  similarly. 


Low  concentrations  of  Q~  stimulated  the  vesicular  uptake 
of  L-glutamate  but  not  that  of  GABA.  The  uptakes  of  both 
L-glutamate  and  GABA  were  inhibited  by  high  concentrations 
of  0~.  These  results  indicate  that  the  vesicular  GABA  and 
L-glutamate  uptakes  are  driven  by  an  electrochemical  proton 
gradient  generated  by  a  similar  Mg^'-ATPase.  The  vesicular 
uptake  mechanisms  are  discussed  in  relation  to  other  vesicle 
uptake  systems.  Key  Words:  Synaptic  vesicles — Vesicular 
uptake — Mg**-ATPase — Proton  gtaient — Inhibitois.  Fykse 
E.  M.  el  al.  Comparison  of  the  properties  of  y-aminobutync 
acid  and  L-glutamate  uptake  into  synaptic  vesicles  isolated 
from  tat  brain.  J.  Neurochem.  52,  946-95 1  i  i9S9). 


y-Amino-n-butyric  add  (GABA)  and  L-glutamate 
are  important  neurotransmitters  in  the  CNS  (Kimjevic, 
1 970:  Fonnum,  1 987).  However,  the  mechanisms  by 
which  the  amino  add  neurotiansmitters  are  stored  and 
released  within  the  nerve  terminal  are  still  elusive.  Until 
now,  no  one  has  been  able  to  show  any  enrichment  of 
endogenous  GABA  and  L-glutamate  in  isolated  syn- 
aptosomes  or  synaptic  vesicle  preparations  (De  Beller- 
oche  and  Bradford,  1973;  Lahdesmaid  et  al..  1977; 
Wood  and  Kurylo,  1984).  Active  uptake  of  both  L- 
glutamate  and  GABA  has,  however,  bm  demonstrated 
with  different  preparations  of  mammalian  synaptic 
vesicles  (Philippu  and  Mattbaei,  1975;  Disbrow  et  al., 
1982;  Naito  and  Ueda,  1983;  Fykse  and  Fonnum, 

1 988).  The  vesicular  uptake  of  GABA  and  L-glutamate 
did  not  require  Na*  and  was  highly  dependent  on  Mg^* 
and  ATP.  The  uptake  was  not  inhibited  by  inhibiton 
of  glial  and  synaptosomal  uptake.  The  vesicular  uptake 
was.  therefore,  clearly  different  from  that  of  glial  cells 


and  synaptosomes  (Naito  and  Ueda,  1 985;  Fykse  and 
Fonnum,  1988). 

Different  vesicle  preparations  show  different  affinities 
toward  L-glutamate  uptake  (Disbrow  et  al.,  1982:  Naito 
and  Ueda,  1983,  1985)  and  very  different  activity  to¬ 
ward  GABA  (Naito  and  Ueda,  1983;  Kish  etal..  1987). 
Preliminary  results  have  shown  that  the  ratio  between 
L-glutamate  and  GABA  uptake  diffen  for  different 
brain  regions,  an  obs^adon  indicating  that  GABA 
and  L-glutamate  are  taken  up  by  different  vesicles 
(Fonnum  et  al.,  1988).  Therefore,  it  was  of  interest  to 
compare  the  uptake  of  GABA  and  L-glutaroate  in  a 
similar  vesicle  preparation. 

In  this  article,  we  have  compared  in  detail  the  effert 
of  one  proton  gradient  uncoupler,  ionopbores.  and 
Mr*-ATPase  inhibitors  on  a  vesicle  preparation  that 
contains  both  CABAergic  and  glutamergic  vesicles  and 
that  shows  a  high  ratio  between  GABA  and  L-glutamate 
uptake.  In  fact,  we  present  the  highest  GABA/L-glu- 
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tamate  uptake  ratio  { 1:4)  shown.  The  results  are  dis¬ 
cussed  in  relation  to  other  vesicular  uptake  systems. 

MATERIALS  AND  METHODS 

GABA,  L-glutamate  (dipotassium  salt),  ATP  (disodium 
salt),  carbonyl  cyanide  m-chiorophenylhydrazonc  (CCCP), 
.V.V'-dicycIohcxylcarbodiimide  (DCCD).  nigcricin,  and  val- 
momycin  were  purchased  from  Sigma  Chemical  Co.  (St. 
Louis,  MO,  U.S.A.).  (2,3-^H]GaBA  (45  Ci/mmoi)  and  L- 
[2.3’^H]giutamate  (25  Ci/mmol)  were  obtained  from  New 
En^and  Nuclear  (Boston.  MA,  U.S.A.).  jV-Ethylmaleimide 
(NEM)  was  hvm  Nutritional  Biochemicais  Corp.  (Oeveland, 
OH.  U.S.A.). 

Purification  of  synaptic  vesicles 

Male  Wistar  rats  (Mellegaard,  Denmark),  weighing  200- 
250  g,  were  used  in  all  experiments.  For  each  experiment, 
brains  from  10  rats  were  removed  after  decapitation.  The 
subcellular  fractionation  was  carried  out  as  described  by 
Whittaker  et  al.  (1964),  except  that  10  mA/Tris-maleate  (pH 
7.4)  and  1.0  mA/EGTA  were  included  in  the  sucrose  sotudoo 
(Stadler  and  Tsukita,  1984).  The  crude  synaptosomal  ftactioo 
(P:)  was  osmotically  shocked  by  resuspension  in  10  mM  Tris* 
maleate  (pH  7.4)  and  0.1  mM  EGTA  and  centrifuged  at 
{7.0(X)  g  for  30  min.  The  remaining  supernatant  was  sub¬ 
jected  to  sucrose  density  gradient  centrifugation  in  a  Contron 
TST.28.38  rotor  at  65,000  g  for  1  h,  and  the  vesicle  fraction 
was  isolated  from  the  band  containing  0.4  M  sucrose. 

Assay  for  GABA  and  L-glutamate  uptake 

Vesicular  GABA  and  L-glutamate  uptakes  were  determined 
as  described  by  Fykse  and  Fonnum  (1988),  except  that  the 
standard  incubation  mixture  for  assaying  vesicular  uptake 
contained  1 10  mM  potassium  tartrate,  10  rcM  Tris-maleate 
(pH  7.4),  and  4  mM  MgC:-  Synaptic  vesicles  (—0.1  mg  of 
protein)  were  incubated  with  I  mM  (^H]GaBA  or  L- 
[^Hlglutaraate  (5  mCi/mmol)  and  2  mM  ATP  (disodium  salt 
neutralized  with  Tris  base).  The  vesicles  were  incubated  at 


30®C  for  3  min.  The  reaction  was  stopp«l  by  filtration 
through  a  .Millipore  HAWP  filter  (diameter  *  24  mm;  pore 
size  =  0.45  fonh  and  the  radioactivity  was  determined  in  a 
Packard  Th-Carb  2200  Liquid  Scintillation  counter  with  a 
counting  efficiency  of  56-58%.  Blanks  were  incubated  at  0®C 
and  were  328  ±  13  cpm  (n  =  81)  and  47^  ♦  18  cpm  (n  *  82) 
for  the  vesicular  GABA  and  L-glutamate  uptake  systems,  re¬ 
spectively.  Addition  of  different  metabolic  inhibitors  had  no 
s^ificant  effect  on  the  blank  values,  which  corresponded  to 
—  15-20  and  5-10%  of  the  radioaaivity  that  was  retained 
on  the  filters  under  standard  GABA  and  L-glutamate  uptake 
conditions,  respectively. 

When  the  effect  of  the  metabolic  inhibitors  CCCP,  DCCD, 
valinomycin,  nigencin,  gramicidin,  and  NEM  were  examined, 
they  were  included  in  the  preincubation  mixture.  The  inhib¬ 
itors  were  dissolved  in  absolute  ethanol.  The  final  concen¬ 
tration  of  ethanol  was  1%.  Control  experiments  showed  that 
this  concentration  had  no  significant  effect  on  the  uptake. 

When  the  effect  of  G~  was  studied,  the  vesicle  fraction 
was  eluted  through  a  Sephadex  G-25  column  (Pharmacia 
PD-I0>  before  incubation  to  reduce  the  O'  concentration  in 
the  vesicle  fraction. 

Protein  contents  were  measured  as  described  by  Lowry  et 
ai.(l951). 

The  results  were  expressed  as  mean  ±  SEM  values.  Groups 
of  data  were  analyzed  by  Student's  /  test.  The  IC^o  values 
were  calculated  from  three  different  experiments  with  a  Mul¬ 
tiple  Drug  Effect  Analysis  Program  (Chou  and  (Thou,  I98S). 

RESULTS 

Fractionatioo  of  synoptic  vesicles  on  a  discontinooiis 
sucrose  gradient 

We  have  studied  uptake  of  GABA  and  L-glutamatc 
into  synaptic  vesicles  fractionated  on  a  discontinuous 
sucrose  gradient.  Specific  activity  of  the  ATP-depen- 
dent  GABA  and  L-glutamate  uptake  was  highest  in  the 
0.4  and  0.6  M  sucrose  bands  (Fig.  1 ).  Uptakes  of  GABA 


OM  0.4  M  0.6 M  08  M  WM  16M 

SUCaOSE  SUCROSE  SUCROSE  SUCROSE  SUCROSE  SUCROSE 


FN3.  t.  Vasioiar  Uptake  Of  (3ABA  (B)  and  (.-glutamate 
(Q  tn  a  sucrose  gradient.  The  incubation  mixture  con¬ 
tained  0.32  M  sucrose.  10  mM  Trts-maleate  (pH  7.4). 
4  mM  MgClf.  2  mM  ATP.  and  1  mM  L^^Kl^utamete 
or  {^H]GABA  (5  mCi/mmoO-  Data  are  mean  ±SD  (bars) 
values  from  two  different  experimerts. 
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and  L-glutamate  in  the  high-speed  supernatant  loaded 
on  the  gradient  (see  Matenals  and  Methods)  were  109 
±  59  (n  =  2)  and  314  i  90  (n  =  2)  pmol/min/mg  of 
protein  (mean  ±  SD),  and  in  the  0.4  M  sucrose  band 
the  GABA  and  L-glutamate  uptakes  were  446  ±111 
(n  =  2)  and  1 ,670  ±  63  (n  =  2)  pmol/min/mg  of  protein 
(mean  ±  SD),  respectively.  Specific  GABA  and  L-glu¬ 
tamate  uptakes  were  about  four  and  five  times  higher 
in  the  0.4  M sucrose  fiaction.  The  uptake  was  different 
from  the  uptake  into  membranes,  and  the  H  fraction, 
containing  a  mixture  of  membrane-fused  vesicles  and 
disrupted  synaptosomes,  did  not  show  any  uptake. 

Effects  of  different  inhibitors  on  ATP-dependent 
GABA  and  L-giutamate  uptake 

Purified  rat  brain  synaptic  vesicles  were  incubated 
with  a  wide  concentration  range  of  different  classes  of 
mitochondrial  uncouplers  to  examine  their  effect  on 
the  ATP-dependent  GABA  and  L-glutamate  uptake. 

Figure  2  shows  the  effect  of  nigericin,  gramicidin, 
CCCP.  DCCD,  and  NEM  on  the  uptake  of  GABA  and 
L-glutamate.  The  ICjo  values  are  given  in  Table  1.  The 
electroneutral  or  H^-Na*  exchanger  nigericin. 

in  the  presence  of  1 10  mAf  KQ  and  4  mAf  NaCl,  acted 
as  an  inhibitor  of  active  uptake  of  GABA  and  L-giu- 
tamate.  The  half-maximal  inhibitory  concentrations 
were  2  X  lO"*  and  0,3  X  10"‘  Af.  respectively.  Thus, 
the  inhibition  of  the  L-glutamate  uptake  was  more  po¬ 
tent.  In  the  absence  of  K",  the  ICso  values  were  >50 
fiM  (data  not  shown). 

The  channel-former  gramicidin,  which  would  allow 
free  movement  of  H',  K*,  and  Na*,  also  inhibited  ac¬ 
tive  uptake  ofGABA  and  L-glutamate.  The  ICso  values 
for  the  GABA  and  L-glutamate  uptake  were  0.8  X  I0~* 
and  3.2  X  10"‘  M,  respectively.  In  this  case,  the  inhi¬ 
bition  of  the  GABA  uptake  was  more  potent  than  that 
of  L-glutamate  uptake. 

The  electrogenic  proton  carrier  CCCP  completely 
inhibited  active  uptake  of  GABA  and  L-glutamate  with 
almost  identical  ICso  values  (Table  1). 


TABLE  I.  Effect  of  different  inhibitors  on  uptake 
of  GABA  and  L-glatamate 


Inhibitor 

GABA 

ICw  (wW ) 

L-Cflutamate 

Nigericin 

2.0 

0.3 

Gramicidin 

0.8 

3.2 

CCCP 

1.6 

2.2 

ixrcD 

3.4 

6.4 

NEM 

7.2 

7.2 

Valinomycin 

>50 

>50 

A  vesicle  fraaion  was  incubated  in  1 10  mM  potasstum  tartrate. 
10  mA/Tris-niaJeate(pH  7.4),  4  niA/MgGi,2  ituVr  ATP.  and  1  mM 
[*H)GABa  or  L-(^H]glutainate(S  mCi/mmol).  The  ICw  values  were 
calculated  with  a  Multiple  Drug  Effect  Analysis  Program  (Chou  and 
Chou.  1985). 


TABLE  2.  Effect  of  KCl  on  vesicular  uptake 
ofGABA  and  L-giutamate 


Vesicular  uptake 
[Relative  activity  (%)) 

KC?  {m.1/} 

GABA 

L-Glutamate 

5 

99  ±  12  (4) 

569  £  WOibf 

50 

87  £  23  (4) 

165  £  43  <61 

100 

65  3;  14  (4)'’ 

76  £  23  i6) 

A  vesicle  fracuon  eluted  through  a  Sephadex  G-25  i  PD- 1 0)  column 
was  incubated  in  1 10  potassium  tartrate.  10  mM  Tris-maleate 
IpH  t.4).  4  mM  MgSO«,  2  mAf  ATP.  and  1  mM  L-{^H1gluumate 
or  pHIGABA  (5  mCi/mmol).  The  control  values  in  the  absence  of 
KCl  were  372  ::  38  (n  »  7)  and  268  S:  63  (n  =  7)  pmoi.rmin/mg  of 
protein  for  the  GABA  and  L-gluiamate  upuke,  respectively  Data 
are  mean  ±  SEM  percentages  relative  to  the  control  (no.  of  deier- 
minauons). 

The  significance  of  differences  was  calculated  by  Student’s  r  test: 
“p  <  0.002.  *p  <  0.05. 


For  further  examination  of  the  importance  of  the 
Mf^’-ATPase  and  the  proton  gradienc  ATP-dependeni 
uptakes  of  GABA  and  L-giutamate  were  studied  with 
different  concentrations  of  the  Mf^-ATPase  inhibitor 
DCCD.  The  inhibition  was  nearly  identical. 

NEM,  a  thiol  reagent  and  a  proton  pump  ATPase 
inhibitor,  caused  a  potent  inhibit’^-  tf  the  GABA  and 
L-glutamate  uptake.  This  meaos  lu  .  one  or  more  re¬ 
duced  cysteine  residue(s)  are  important  in  the  ATP- 
dependent  vesicular  GABA  and  L-glutamate  uptake. 

The  K*  carrier  valinomycin  showed  nearly  no  in¬ 
hibition  of  the  GABA  and  L-glutamate  uptake  at  1 10 
aiM  K*.  The  uptakes  of  L-glutamate  and  GABA  were 
77  ±  7%  (n  =  4)  and  71  ±  1 1%  (n  =  4).  respectively, 
of  the  control  value  in  the  presence  of  50  pM  valino¬ 
mycin. 

Effect  of  chloride 

The  effect  of  different  Q“  concentrations  on  the 
ATP-dependent  vesicular  uptake  was  examined  (Table 
2).  Synaptic  vesicles  were  eluted  through  a  Sephadex 
G-25  (PD- 10)  column  to  reduce  the  Q"  concentration. 
Uptake  of  GABA  and  L-glutamate  with  different  con¬ 
centrations  of  added  was  examined  in  the  eluate. 
The  results  are  shown  in  Table  2.  Addition  of  5  mM 
G'  had  DO  effect  on  the  GABA  uptake,  whereas  the 
L-glutamate  uptake  was  stimulated  500%.  High  con¬ 
centrations  of  0~  inhibited  both  the  GABA  and  L- 
glutamate  uptake.  In  the  absence  of  0~,  the  uptake  of 
GABA  was  140%  compared  with  the  L-glutamate  up¬ 
take.  When  5  mM  0~  was  added,  the  GABA  uptake 
was  ~25%  compared  with  the  L-glutamate  uptake.  To 
determine  whether  this  difference  was  an  effect  of  G~, 
we  examined  the  effect  of  NaO  and  KySOx  (data  not 
shown).  NaG  at  5  mM  stimulated  the  upt^e  of  L- 
glutamate,  whereas  5  mM  K2SO4  did  not  have  any 
effect.  Addition  of  5  mM  NaG  and  K2SO4  did  not 
affect  the  uptake  of  GABA. 
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DISCUSSION 

In  the  present  study,  we  have  examined  mechanisms 
of  the  Mr*-ATP-dependent  uptake  for  GABA  and  l- 
glutamate  into  synaptic  vesicles,  isolated  from  rat  brain 
by  sucrose  gradient  centrifugation.  The  uptake  of 
GABA  and  L-glutamate  was  concentrated  in  the  0.4 
M  sucrose  layer.  Vesicular  uptake  was  inhibited  by  the 
K*-H*  or  the  Na"‘-H'^  exchanger  nigericin  and  the 
channel-former  gramicidin,  which  would  allow  move¬ 
ment  of  H*.  K',  or  Na*.  The  proton  carrier  CCCP  and 
the  Mg^*-ATPase  inhibitor  DCCD  inhibited  the  up¬ 
take,  but  the  vesicular  uptake  was  not  inhibited  by  the 
K’  carrier  valinomycin.  The  vesicular  uptake  was  in¬ 
hibited  by  the  SH-gioup  blocking  agent  MEM.  Addition 
of  low  concentrations  of  KO  stimulated  the  uptake  of 
L-glutamate,  whereas  the  uptake  of  GABA  was  not  af¬ 
fected.  The  ratio  between  GABA  and  L-glutamate  up¬ 
take  (1:4)  was  the  highest  ever  reported. 

The  experiments  presented  in  this  article  support 
the  proposed  involvement  of  a  membrane-bound 
Mg^'^-ATPase  and  a  transmembrane  pH  gradient  in 
the  uptake  of  L-glutamate  and  GABA  into  synaptic 
vesicles.  These  results  confirm  and  extend  previous  re¬ 
ports  that  vesicular  uptakes  of  GABA  and  L-glutamate 
are  driven  by  a  proton  gradient  generated  by  a  Mg^'^- 
ATPase  (Nairn  and  Ueda,  1983, 1985;  Kish  etal.,  1987; 
Fykse  and  Fonnum,  1988).  Stadler  and  Tsukita  (1984) 
examined  the  properties  of  an  ATPase  in  brain  vesicles 
and  even  investigated  it  ultrastructurally.  Uptake  of 
acetylcholine  into  synaptic  vesicles  from  the  electric 
organ  of  Torpedo  (Anderson  et  al.,  1982)  and  uptakes 
of  noradrenaline  and  5-hydroxytryptamine  into  syn¬ 
aptic  vesicles  isolated  from  rat  b^n  (Seidler  et  al., 
1977;  Halaris  and  DeMet,  1978)  are  dependent  on 
Mg^*,  ATP,  and  also  a  proton  gradient.  Thus,  accu¬ 
mulation  of  neurotransmitters  by  synaptic  vesicles  is 
an  active  process  driven  by  a  proton  gr^ent. 

Naito  and  Ueda  (1985)  examined  the  effect  of  ni¬ 
gericin,  carbonyl  cyanide  p-trifluoromethoxyphenyl- 
hydrazone  (an  uncoupler  similar  to  CCCP),  and  NEM 
on  L-glutamate  uptake  into  immunoprecipitated  ves¬ 
icles  from  bovine  brain.  Their  results  are  in  agreement 
with  outs.  Thus,  synaptic  vesicles  isolated  from  differ¬ 
ent  animals  by  different  preparation  techniques  be¬ 
haved  in  a  similar  manner  with  respect  to  these  inhib¬ 
itors. 

DCCD  inhibits  the  mitochondrial  ATPase  (Beechey 
et  al.,  1 966)  and  the  Mg^*-ATPase  activity  of  synaptic 
vesicles  (Toll  et  al.,  1977;  Toll  and  Howard,  1978). 
Toll  and  Howard  (1978)  also  found  that  DCCD  caused 
a  potent  inhibition  of  the  noradrenaline  uptake.  In  ad¬ 
dition,  DCCD  inhibits  the  uptake  of  GABA  and  L- 
glutamate,  and  the  ICso  values  are  nearly  the  same. 
The  thiol  reagent  NEM,  which  inhibits  the  proton 
pump  activity  of  chromaffin  granules  (Flatmark  et  al., 
1982,  1985),  inhibited  the  GABA  and  L-glutamate  up¬ 
take  to  the  same  extent. 


Uncouplers  of  oxidative  phosphorylation  render 
membranes  permeable  to  protons.  The  uncoupler 
CCCP  causes  an  equilibration  of  protons  across  the 
vesicle  membrane,  thus  destroying  the  electrochemical 
potential  (Heytler  and  Prichard,  1962).  CCCP  inhibited 
the  GABA  and  L-glutamate  uptake. 

Nigericin  caused  a  potent  inhibition  of  both  the 
GABA  and  L-glutamate  uptake.  Nigericin  produces  an 
electroneutral  exchange  of  K*  and  H''  in  the  presence 
of  K".  Protons  and  K*  will  travel  down  their  concen¬ 
tration  gradients  (Toll  and  Howard,  1978). 

As  expected,  gramicidin  also  rendered  the  synaptic 
vesicles  unable  to  accept  GABA  and  L-glutamate. 
Gramicidin  forms  a  channel  across  the  membrane,  and 
ions  like  H",  K'^,  and  Na*  are  able  to  pass.  In  contrast 
to  nigericin,  gramicidin  caused  a  more  potent  inhibi¬ 
tion  of  the  GABA  uptake  than  the  L-glutamate  uptake. 
This  may  reflect  the  different  charge  of  GABA  and  L- 
glutamate;  thus,  different  ions  will  affect  the  GABA 
and  L-glutamate  uptake  differently.  Toll  and  Howard 
(1978)  found  that  nigericin  and  carbonyl  cyanide  p- 
trifluoromethoxyphenylhydrazone  caused  a  potent  in¬ 
hibition  of  the  vesiculv  uptake.  These  results  strongly 
support  the  hypothesis  that  a  transmembrane  pH  gra¬ 
dient,  generate  by  a  Mg^*-ATPase,  is  utilized  in  the 
uptake  of  GABA  and  L-glutamate  into  synaptic  vesi¬ 
cles.  In  addition,  uptake  of  GABA  is  insensitive  to  oli- 
gomycin  and  ouabain  (Fykse  and  Fonnum,  1988), 
agents  known  to  inhibit  the  mitochondrial  H*-  and 
plasma  membrane  Na*,K*-ATPa3e,  respectively.  Thus, 
the  vesicular  Mg^'-ATPase  is  different  from  these  en¬ 
zymes.  The  vesicular  Mg^*-ATPase  belongs  to  a  class 
of  ATP-driven  ion  pumps  very  similar  to  that  described 
in  endosomes,  lysosomes,  coated  vesicles,  and  plant 
vacuoles  (Rudnick,  1986;  Kanner  and  Schuldiner, 
1987). 

The  K*  carrier  valinomycin  did  not  inhibit  the 
GABA  and  L-glutamate  uptake.  Valinomycin  is  an 
electrogenic  K*  carrier  that  should  alter  an  electrical 
potential  across  synaptic  vesicle  membranes  without 
affecting  the  pH  ^adient  (Johnson  and  Scarpa,  1976). 
Toll  and  Howard  (1978)  ffid  not  observe  any  effect  of 
valinomycin  on  the  vesicular  noradrenahne  uptake.  In 
contrast,  the  results  of  Anderson  et  al.  (1982)  showed 
that  valinomycin  caused  a  potent  inhibition  of  acetyl¬ 
choline  accumulation  by  synaptic  vesicles  isolated  from 
Torpedo  electric  organ.  Their  results  indicate  that  a 
part  of  the  energy-driving  acetylcholine  uptake  prob¬ 
ably  is  electrical  in  nature. 

Addition  of  5  mAf  O*  caused  a  large  increase  of  the 
L-glutamate  uptake.  In  contrast,  the  uptake  of  GABA 
was  not  increased  by  addition  of  5  mAf  O'.  This  is  in 
agreement  with  the  results  of  Naito  and  Ueda  (1985) 
on  L-glutamate.  Moriyama  and  Nelson  (1987)  have 
purified  an  ATPase  firom  chromaffin  granule  mem¬ 
branes.  They  showed  that  this  enzyme  is  an  anion- 
dependent  proton  pump.  The  ATP-dependent  proton 
uptake  activity  of  the  reconstituted  enzyme  was  ab- 
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solutely  dependent  on  the  presence  of  O'  or  Br"  in 
low  concentrations.  Because  it  is  not  possible  to  reduce 
the  Cr  concentration  to  0,  these  results  do  not  exclude 
an  effect  of  extremely  low  concentration  of  0~  on  the 
uptake  of  GABA.  More  experiments  have  to  be  done 
before  this  can  be  hrmly  stated. 

In  conclusion,  the  vesicular  uptakes  of  both  GABA 
and  L>giutamate  have  been  shown  to  be  driven  by 
Mg^'^-ATPase  proton  pumps.  The  observed  difference 
between  the  GABA  and  L-glutamate  uptake  may  reflect 
the  different  charge  of  GABA  and  L-^utamate  or  dif¬ 
ferent  properties  of  their  Mg^'^-ATPase  proton  pumps- 

Acknowledgmcnt:  The  authors  are  grateful  to  Ms.  E.  Grini 
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Transport  of  ^^-aminobutyrate  and  L-glutamate  into  synaptic 
vesicles 

Effect  of  different  inhibitors  on  the  vesicular  uptake  of  neurotransmitters  and  on  the  Mg-*-ATPase 
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The  uptakes  of  y-aminobuiyrate  (GABA)  and  L-glutamate  into  synaptic  vesicles  isolated  from  rat  brain  were  compared 
with  respect  to  the  effects  of  4-acetamido*4'-isothiocyanosiilbene'2.2'-disulphonic  acid  (SITS).  4,4'-di-isothio- 
cyanostilbene-2.2'-disulphonic  aad  (DIDS)  and  5-nitro-2-<3-phenylpropyIamino)benzoic  acid  (NI44).  agents  known  to 
block  anion  channels.  The  uptake  of  glutamate  was  inhibited  by  low  micromoiar  concentrations  of  SITS.  DIDS  and 
N144.  GABA  uptake  was  much  less  sensitive  to  these  agents  than  was  glutamate  uptake.  SITS  and  N144  inhibited  the 
vacuolar  H‘-ATPase  of  synaptic  vesicles  to  a  smaller  extent  than  the  glutamate  uptake.  The  uptake  of  GABA  was  not 
affected  by  the  permeant  anions  CT  and  Br'.  whereas  the  uptake  of  glutamate  was  highly  stimulated  by  low 
concentrations  of  these  ions.  The  uptakes  of  both  glutamate  and  GABA  were  inhibited  by  similar,  but  not  identical, 
concentrations  of  the  lipophilic  anion  SCN". 


INTRODt'CnON 

Mammalian  brain  synaptic  vesicles  actively  accumulate  y- 
aminobutyrate  (GABA),  glycine  and  glutamate  by  a  Mg^'-ATP* 
dependent  process.  A  vesicular  Mg*'-ATPase  aencrates  an  elec* 
trochemicai  proton  gradient  which  is  important  for  uptake  of 
neurotransmitters  (Disbrow  et  ai.s  1982;  Naico  &  Ueda,  1985. 
Fykse  &  Fonnum.  1988;  Hell  et  al.,  1988;  Maycox  et  aU  1988. 
Kish  et  ai..  1989;  Christensen  et  ai^  1990).  TTic  Mg’*-ATPase  of 
synaptic  vesicles  belongs  to  a  class  of  vacuolar  H‘-ATPases 
which  arc  responsible  for  acidification  of  different,  subcellular 
organelles  (Nelson.  1986.  1987;  Maycox  et  ai,  1988;  Cidon  & 
Sihra.  1989;  Shioi  et  al.,  1989;  Floor  et  ai..  1990).  GABA  and 
glutamate  are  taken  up  into  different  populations  of  synaptic 
vesicles  (Fykse  &  Fonnum,  1989)  with  slightly  diBerent  affinities. 
The  value  for  the  uptake  of  glutamate  was  about  1  mM  (Naito 
(S:  Ueda,  1985;  Maycox  era/.,  1988),  and  the  value  for  GABA 
was  determined  to  about  be  about  6  mM  (Fykse  &  Fonnum, 
1988;  Kish  et  ai..  1989).  The  evidence  for  a  specific  vesicular 
uptake  of  GABA,  glycine  and  glutamate  supports  the  notion 
that  synaptic  vesicles  play  an  important  role  in  amino  acid 
synaptic  transmission. 

The  uptake  of  glutamate  is  stimulated  by  low  concentrations 
of  Q"  (Naito  &  Ueda.  1985;  Maycox  et  ai.  1988;  Fykse  et  ai.. 
1989),  whereas  the  uptake  of  GABA  is  insensitive  to  variations 
in  the  concentration  of  CT  (Fykse  et  ai.,  1989 ;  Kish  et  ai..  1989) 
Different  groups  have  reported  that  ATP  hydrolysis  generated  a 
large  proton  gradient  across  the  synaptic-vesicle  membrane  at 
high  concentrations  of  C!~.  A  small  proton  gradient  and  a  large 
membrane  potential  are  reported  at  low  CT  concentrations 
(Maycox  et  ai.,  1988;  Cidon  &  Sihra,  1989).  The  uptake  of 
glutamate  is  driven  by  the  membrane  potential,  since  collapsing 
the  membrane  potential  by  high  concentrations  of  C\~  inhibited 
the  uptake  of  ^utamate  (Maycox  et  ai..  1988;  Cidon  &  Sihra, 
1989;  Shioi  et  ai.,  1989).  On  the  basis  of  these  experiments,  a 
direct  involvement  of  CT  in  the  uptake  of  glutamate  would  be  a 
reasonable  explanation.  The  purpose  of  the  present  study  was  to 


investigate  the  differences  in  the  mechanisms  of  the  uptake  of 
GABA  and  glutamate  m  detail,  and  specially  lo  examine  the  role 
of  CT  and  other  permeant  ions  In  the  uptake  of  GABA  and 
glutamate.  We  have  compared  the  effect  of  the  anion-channel 
blockers  4.4'-di-isoihiocyanostilbene«2.2'-disulphonic  arid 
(DIDS).  4»acetamido-4'-isoihiocyanostilbene‘2.2'-disulphomc 
arid  (SITS)  and  5-nitro-2-(3-pheny)propylamino)ben2oic  arid 
(N144)  on  the  upuke  of  GABA  and  glutamate  and  on  the 
vesicular  Mg**-ATPase  activity. 

EXPERIMENTAL 

Materials 

GABA.  L-glutamate  (dipoiassium  salt).  ATP  (disodium  salt), 
SITS,  DIDS  and  CPG-3000  conirolled-pore  glass  beads  of 
nominal  pore  diameter  271.7  nm  (lot  36F-0650.  mesh  120/200) 
were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO, 
U.S.A.).  (2.3-’H]GABA  (40  Ci/mmol)  and  L-[2.3-^Hlgluiamatc 
(25  Ci/mmol)  were  obtained  from  New  England  Nuclear 
(Boston.  MA,  U.S.A.).  N 144  was  a  gift  from  Dr.  J.  i.  Nordmann, 
Centre  dc  Neurochimic.  Strasbourg,  France. 

PreparatioD  of  synapde  vesicles 

Synaptic  vesicles  were  purified  from  male  Wisiar  rats  (200- 
250  g)  obtained  from  Mollegaard.  Ejby,  Denmark.  For  each 
experiment.  10-15  rats  were  killed  by  decapitation,  and  the 
brains  were  quickly  removed  and  kept  on  ice.  Synaptic  vesicles 
were  isolated  as  dcKribed  in  principle  by  Whittaker  et  ai.  (1964) 
and  in  detail  by  Fykse  &  Fonnum  ( 1 988).  The  crude  synaptosomal 
fraction  (P,)  was  osmotically  shocked  by  resuspension  in  10  mM- 
Tris/malcaic(pH  7.4)/0.1  mM-EGTA  and  centrifuged  at  13000g 
for  30  min.  The  supematan;  was  laid  on  the  top  of  0.4  m-  ami 
0.6  M'Sucrose  solutions  and  centrifuged  in  a  Contron  TST  28.38 
rotor  at  65000  g  for  2  h.  The  vesicle  fraction  was  isolated  from 
the  band  containing  0.4  M-sucrose  (D-fraction).  The  vesicle 
preparations  were  stored  in  liquid  N,  without  loss  of  activity. 
This  vesicle  preparation  was  used  in  most  of  the  uptake  expen- 


Abbreviations  used:  AChE.  acetylcholinesterase  (EC  3.1. 1. 7);  DIDS.  4.4''dj-isothiocyanosulbene-2.2'-<iisulphonic  acid;  GABA,  y-amino-n-butyric 
acid;  IC},,  conen.  giving  S0"o  inhibition;  NEM.  .V-ethylmaleimide ;  N144.  S-nitro-2-(3-pbenylpropylamino)benzoic  add;  SITS.  4-acetainidoU'- 
lso{hiocyanostilbene-2.2'*disul{^aic  add. 

*  To  whom  correspondence  should  be  addressed. 
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menis.  The  vesicular  uptake  was  not  stimuiaied  by  Na'  (Fykse  Sl 
Fonnum.  W88>,  Any  contamination  by  plasma  membranes 
therefore  cannot  be  of  any  significance.  Furthermore,  the  uptake 
was  dependent  on  Mg-*  and  .ATP  and  inhibited  by  proton 
lonophores  (Fykse  et  «/..  1989). 

To  compare  the  effect  of  the  inhibitors  on  the  Mg*'-ATPase 
activity  and  the  uptake  of  GABA  and  glutamate,  the  D-fraction 
was  further  punfied  by  chromatography  on  a  column 
iddcmxl  bcm)  of  CPG-3(X)0  controlled-pore  glass  beads 
in  1 10  mM-poiassium  tartrate/ 10  mM-Hepes  (pH  7.4)/0.l  mw* 
EGTA.  The  elution  rate  was  I  ml/min,  and  3  ml  fractions  were 
collected. 

Vesicular  uptake  of  GABA  and  glutamate 

This  was  done  mainly  as  described  by  Fykse  &  Fonnum 
(1988).  The  standard  incubation  mixture  (total  volume  0.3  ml) 
for  assaying  vesicular  uptake  contained  0.25  M-sucrose.  10  mM- 
Tns/maleate  (pH  7  4)  and  4  mM-MgCl,  (if  not  otherwise  stated). 
Synaptic  vesicles  (about  0.1  mg  of  protein)  were  preincubated  at 
30  °C  for  15  mm,  and  [“HJGABA  (1  /iCi;  final  concn.  1  tuM)  or 
L'(^H]glutamaie  (0.5 /tO;  final  concn.  1  mM)  and  ATP  (final 
concn.  2  mM ;  disodium  salt  neutralized  by  Tns  base)  were  added, 
and  the  mixture  was  further  incubated  for  3  min  at  30  ®C.  The 
reaction  was  stopped  by  addition  of  7  ml  of  ice-cold  0. 1 5  m-KCI. 
followed  by  rapid  filtration  through  a  Milliporc  HAWP  filter 
(diameter  25  mm.  pore  size  0.45  /^m).  The  incubation  tubes  were 
further  washed  twice  with  the  KCl  solution.  The  filters  were 
dissolved  in  10  ml  of  Filter  Count  (Packard),  and  the  radioactivity 
was  determined  in  a  Packard  Tri-Carb  2200  liquid-scintillation 
counter  with  a  counting  efficiency  of  50-56  Blanks  were 
identical  with  the  test  solution  in  each  case,  but  were  incubated 
at  0  ®C  Blank  values  corresponded  to  about  10  and  15  ®o  of  the 
radioactivity  retained  on  the  filters  for  the  uptakes  of  glutamate 
and  GABA,  and  the  blank  values  were  266±  10  and 
434±19c.pm.  (both  n  =  20)  respectively.  The  different  in¬ 
hibitors  and  anions  tested  were  included  in  the  preincubation 
mixtures. 

Uptakes  of  GABA  and  glutamate  were  also  studied  on  the 
fractions  eluted  from  the  CPG-3000  controlled-pore  glass 
column.  In  these  experiments  the  uptakes  of  GABA  and 
glutamate  were  measured  in  the  elution  buffer,  which  also  was 
used  for  the  Mg**-ATPase  experiments. 

Assays  for  Mg^"-ATPase  activity,  acetykhoUiwsterase  (ACbE) 
activity  and  protein 

The  Mg*‘-ATPasc  activity  was  measured  at  30  ®C  mainly  as 
desenbed  by  Penefsky  &  Bruist  (1984).  The  incubation  mixture 
for  measuring  Mg**-ATPasc  contained  synaptic  vesicles 
( 10-40  ;tg  of  protein),  10  mM-Hepes  (pH  7.4).  1 10  mM-potassium 
tartrate,  4  mM-MgO,,  2  mM-phosphocnolpynivaic,  20  units  each 
of  lactate  dehydrogenase  and  pyruvate  kinase/ml.  0.06  mM- 
KjNADH  and  3  mM-ATP  (pH  7.4)  in  a  total  volume  of  1225  /*!. 
The  conversion  of  NADH  into  NAD*  was  measured  at  340  nm 
in  a  Beckman  DU  50  spectrophotometer,  and  I  nmol  of  NADH 
converted  corresponds  to  I  nmol  of  phosphate  used. 

The  AChE  activity  was  measured  by  a  radiochemical  method 
(Sterri  A  Fonnum,  1978).  The  protein  content  were  measured  as 
described  by  Lowry  et  al.  (1951),  with  BSA  as  standard. 


RESULTS 

Effect  of  inhibitors  on  vesicular  uptake 

Owing  to  the  ability  of  anions  to  influence  vesicular  glutamate 
uptake  activity,  the  effects  of  SITS  and  DIDS.  agents  known  to 
affect  plasma- membrane  anion  channels  (Cabantchik  et  al., 
1978).  were  examined  (Figs,  la  and  16).  Both  compounds 
inhibited  the  uptake  of  glutamate  better  than  the  uptake  of 
GABA.  The  values  for  the  uptake  of  glutamate  were 
calculated  as  !  4  ^\t  for  DIDS  and  3  1  ust  for  SITS.  For  ibe 
uptake  of  GABA,  the  values  for  DIDS  and  SITS  were 
calculated  as  9,9  /im  and  40  fiu  respectively.  In  the  absence  of  CT 
the  effect  of  SITS  on  the  uptake  of  glutamate  was  decreased,  and 
the  ICj^,  value  was  calculated  as  13  aM.  The  effect  of  SITS  on  the 
uptake  of  GABA  was  not  affected  by  removing  Cl'  In  crude 
synaptosomal  fractions  of  rat  brains,  the  IC^g  values  of  SITS  for 
the  ^gh-affinity  uptake  of  GABA  and  glutamate  were  about 
I  mM  (E.  M.  Fykse,  unpublished  work;.  This  is  consistent  with 
results  of  Fosse  et  al.  ( 1989)  on  glutamate  uptake.  Similar  results 
were  obtained  with  the  more  specific  CT-channcI  blocker  N144 
(Wangemann  ei  al.,  1986)  on  the  vesicular  uptake  of  GABA  and 
glutamate  (Fig.  Ic).  The  ICjo  value  for  glutamate  uptake  was 
calculated  as  15^m.  whereas  for  GABA  it  was  calculated  as 

ISOiiM. 
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1.  Effects  of  SITS,  DIDS,  N(44  and  KSCN  oo  (be  uptake  of  GABA 
aad  ^otanHite 


Statistics 

The  results  are  expressed  as  mean  values  (±s.E.M.)  of  absolute 
uptake  or  as  relative  uptakes  (as  percentage  of  controls).  Groups 
of  data  were  analysed  by  Student’s  t  test.  The  IC„  values  (concn. 
giving  50*^0  inhibition)  were  calculated  from  3  or  4  different 
experiments  with  a  Multiple  Drug  Effect  Analysis  Program 
(Chou  A  Chou,  1985). 


The  activity  was  assayed  as  stated  in  the  Experimental  section  SITS 
(o),  DIDS  (6).  NI44  (c)  and  KSCN  id)  were  added  just  before  the 
preincubation,  which  lasted  for  IS  min.  In  the  absence  of  inhibitors, 
the  uptakes  of  GABA  and  glutamate  in  the  presence  of  8  mM-CT 
were  820  ±80  (n  •  13)  and  2900  ±200  (n  *  19)  pmoi/min  per  mg  of 
protein  respectively;  in  the  absence  of  G~  the  glutamate  control 
value  was  ^±100  pmol/min  per  mg  of  protein  (n  *  5)(fi  «  no  of 
experiments).  Key;  •.  glutamate  (-hCU);  ▲.  glutamate  I -CD. 
O.  GABA  (+CI-);  A.  GABA  (-O’). 
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Fig.  2.  Chroffiat<^nphy  of  synaptic  vcskics  on  a  column  of  CPG<30Q0 
c<Microllc<l>pore  glam  bea^ 

The  recovery  of  protein  was  51  ' (<j1  Disinbution  of  Mg^'>ATPase 
and  AChE.  (^)  Distribution  of  the  uptakes  of  GABA  and  glutamate 
and  protein  content.  I  and  (1  refer  to  the  pooled  fractions  mentioned 
in  the  Results  section. 


TaMe  1.  Effects  of  inhibiton  on  the  V1g^*>ATPasc  activity 

The  D-fraction  was  punhed  by  chromatography  on  a  controlled- 
pore  glass  column  (CPG-3000),  Fractions  14-17  (1)  and  19-24  (II) 
were  pooled,  and  the  Mg'*'.ATPase  activity  was  measured  as 
described  m  the  Expcnmcnlal  section.  In  all  expenments,  50 /iM- 
vanadate.  1  mM-ouabain  and  5 //g  of  oligomycin  B/ml  were  included. 
The  enzyme  activity  is  expressed  as  of  control,  and  the  data  arc 
means  ^s.E..M.  of  three  independent  expenments  The  control  values 
were  190;; 50  and  180±20  nmol  of  Pymin  per  mg  of  protein  for 
fractions  I  and  II  respectively.  The  significance  of  difference  was 
calculated  by  Student’s  /  test;  “P  <  0.05.  <  0005. 


Mg^**ATPase  (relative  activity  (‘’,>)) 


Inhibitor 

Fraction  I  (14-17) 

Fraction  II  (19-24) 

SITS  ( 1 

101^8 

95*5 

SITS  ( l6 

90t8 

83*1* 

SITS  (25 

80-w  11 

69  +  6* 

NI44  (I  ^M) 

102  i  7 

103  +  3 

N144 

931-7 

10I±22 

N144  (25  /iM) 

89i9 

104*4 

NEM  (100/iM) 

48  +  7* 

34  ±2** 

known  to  abolish  the  inside  vesicular  positive  electrochemical 
potential.  The  Mg**-ATP-depcndeni  uptakes  of  both  GABA 
and  glutamate  were  inhibited  by  thiocyanate  in  a  dose-dependent 
manner  (Fig.  \(J).  The  ICj^  values  were  calculated  as  3.9  mw  and 
1.9  mM  for  uptake  of  GABA  and  glutamate  respectively. 

Veskmlar  uptake  and  Mg^'-ATPase  activity  in  a  more  (wriffed 
synaptic'vcsicle  fraction 

It  has  been  reported  (Diebler  &  Lazereg,  1985;  Rothlein  & 
Parsons.  1982)  that  the  anion-transport  blocker  SITS  also  inhibits 


Tabic  2.  Effects  of  SITS  and  M44  on  the  uptake  of  GABA  and  ^ntmmate 
into  vesicles  purified  on  a  controUed-pore  glass  column 

Fractions  were  pooled  as  described  m  the  Results  section  and  in 
Table  1  In  the  uptake  expenments.  only  fraction  II  was  used,  owing 
to  the  low  uptake  aciivny  in  fraction  I.  The  uptake  was  performed 
as  desenbed  in  the  Experimental  section.  The  results  are  expressed 
as  means  £S.E.M.  of  three  or  four  independent  expenments 
*P  <  0.05.  **P  <  0.005  by  Student’s  i  test.  The  control  values 
for  fraction  II  were  calculated  as  6600  ^  600  and 
1 1 10^  160  pmol/min/mg  of  protein  for  the  uptakes  of  glutamate 
and  GABA  respectively. 


Vesicular  uptake  (relative  activity 


inhibitor 

Glutamate 

GABA 

SITS  (1  >iM) 

85±4» 

111  r  12 

SITS  nOfiM) 

46^6** 

82-12 

SITS  (25 /iM) 

22±l** 

51  r4- 

Ni44  (1  /iM) 

91  *6 

- 

N144  (lO/iM) 

61  *9* 

84r  13 

N144  (25  /iM) 

3l±S* 

55r8* 

the  Mg^*-ATPase  of  Torpedo.  We  have  therefore  studied  the 
effect  of  SITS  on  the  vesicular  .Mg-’-ATPase  of  rat  brain.  In 
these  experiments  we  used  a  more  punfied  synaptic  vesicle 
fraction,  t.e.  synaptic  vesicles  chromatographed  on  a  conirolled- 
pore  glass  column.  A  typical  run  is  shown  m  Fig.  2.  The  Mg**- 
ATPase  was  eluted  in  two  peaks.  Traces  of  AChE.  a  plasma- 
membrane  marker,  were  co-eiuted  with  the  first  peak  The 
uptake  of  GABA  and  glutamate  was  co*eiuted  with  the  second 
peak,  which  was  almost  free  of  AChE  contamination  In  the 
vesicle  fraction,  specific  activity  of  the  Mg^‘- ATPase  was  ennehed 
by  a  factor  2.  as  compared  with  3-fold  ennchmeni  in  the  uptake 
of  GABA  and  giutamate. 

To  obtain  enough  matenai.  fractions  13-17  (1)  and  19-24  (11) 
were  pooled.  The  effects  of  SITS  and  N 144  on  the  Mg^'-ATPase 
(Table  1)  and  the  vesicular  uptake  (Table  2)  were  examined  In 
these  experiments  both  the  vesicular  uptake  and  the  ATPase 
were  examined  in  1 10  mM-potassium  tartrate  and  10  mM-Hepes. 
pH  7.4  The  ATPase  expenments  were  done  in  the  presence  of 
50 /tM'vanadate,  I  mM-ouabain  and  5  ;<g  of  oligomycin  B/ml. 
Ouabain  and  vanadate  inhibit  plasma-membrane  ATPase.  and 
oligomycin  B  is  known  to  inhibit  the  mitochondrial  H* -.ATPase. 
The  Mg*‘-ATPase  of  fractions  I  and  II  was  inhibited  by  42  and 
27*^0  respectively  by  including  the  three  inhibitors.  N144  had 
almost  no  effect  on  the  ATPase  activity  at  all,  neither  fraction  I 
nor  II  (Table  1).  The  uptake  of  glutamate  into  fraction  II  was 
inhibited  by  78 '*o-  whereas  the  uptake  of  GABA  was  inhibited 
by  49®o,  by  25  /xm-SITS  (Table  2).  The  vesicular  Mg-*-ATPase 
activity  was  inhibited  by  31  °o  by  25/tM-SITS. 

The  vesicular  Mg**-ATPase  is  known  to  be  inhibited  by  .V- 
ethylmalcinudc  (NEM)  (Grenberg  &  Flatmark.  1987)  In  the 
presence  of  IOO/iM-NEM  the  ATPase  activity  in  fraction  II  was 
inhibited  by  65*^0-  whereas  that  in  fraction  I  was  inhibited  by 
45”o.  If  SITS  (2S;*m)  was  added  in  the  presence  of  NEM 
(lOO^M)  no  further  inhibition  was  seen. 

Ion  sensitivity  of  ttw  vesksUr  uptake  of  GABA  and  glataniate 

Different  anions  were  tested  for  their  capacity  either  to 
stimulate  or  to  inhibit  the  uptake  of  GABA  and  giutamate 
(Tables  3  and  4).  The  experiments  were  performed  in  the  presence 
of  4  mM'MgSO^,  and  different  anions  were  successively  added. 
Low  concentrations  of  either  KCl  or  KBr  hardly  affected  the 
uptake  of  GABA  (Table  3),  whereas  the  uptake  of  glutamate  was 
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Table  3.  Effects  of  varioiis  aniofis  oa  the  vesicular  uptake  (rf  GAftA 

A  '•esicie  fraction  iD-fractioni  was  incubated  m  0.25  M*socrose/ 
fOmM-Ins;  maieatc  (pH  4)/4  m.M-MgSO,,  2  mM- ATP/ 1  mM- 
[^HIGABA  (2.9  mCi,  mmol)  for  ?  min  at  30  "*0  The  control  value  in 
the  absence  of  anv  of  the  salts  in  the  table  was  830± 70  pmol/min 
per  mg  of  protein  (n  ®  6).  Data  (means^s.E.M.)  are  percentages 
relative  to  the  control  (nos.  of  determinations  in  parentheses).  The 
sianiticance  of  differences  was  calculated  by  Student's  i  test. 
•P  <  0.05.  ••P  <  0.005 


GABA  uptake  (relative  activity  (°o)) 


Sait 

added  Conen.  .. 

I  mM 

5  OIM 

SO  mM 

K.F 

99^4  (4) 

95*5(41 

78  ±7  (4)- 

KC 

94^5(4) 

91*3(5) 

76  +  3  (4)* 

KBr 

95-5(4) 

90*8(4) 

53*4(4)* 

KI 

95*7(4) 

84x7(4) 

24*3(4)* 

K.NO, 

71*7,4)* 

36x5  (4)** 

I2±3(‘K* 

Table  4.  Effects  of  difftnat  ttuoas  on  die  vesicuitr  uptake  of  gluraoare 

A  vesicle  fraction  (D-fraciioo)  was  incubated  in  0.25  m- 
sucrose.  10  mM'Tns,maleate  (pH  ’  4)/4  mM-MgSO,/2  mM-ATP'' 

1  mM-L-[^H]glutamate  (1  9  mCi/mmol>  for  3  min  at  30  ®C- 
The  control  value  was  560  »  70  (n  a  7)  pmol/  min  per  mg  of  protein. 
The  uptake  is  expressed  as  percentage  of  control,  and  the  data  are 
meansrs.E.M.  (nos.  of  determinations  in  parentheses).  *F<0.0S. 
••P  <  0.005  by  Student's  i  test. 


Salt 

added  Conen. . 

Glutamate  uptake  (relauve  uptake  C^o)) 

I  mM 

5  mM 

50  mM 

KF 

93*9(5) 

55x3(4)** 

13*7  (4>** 

KC 

320±50(5)** 

400  *  70  (6)** 

127  +  14(4) 

KBr 

4}0-80(6)** 

450x80(5)** 

54+U(4>* 

Kl 

200  x  40(6)* 

160±40(4) 

1|.4(4)- 

KNO, 

180*30(6)* 

118*34(4) 

12*2(4)** 

stimulated  about  3-  and  4-fold  respectively  (Table  4).  Previously 
we  have  shown  that  K*  had  no  effect  on  the  uptake  of  GASA 
and  glutamate  (Fykse  ei  al..  1989).  KF  was  a  much  more  potent 
inhibitor  of  the  glutamate  uptake  than  of  the  GABA  uptake. 
Low  concentrations  of  KJ  and  KNO,  stimulated  the  uptake  of 
glutamate  significantly,  whereas  high  concentrations  inhibited 
both  uptake  systems. 

To  examine  »f  SO^*'  had  any  effect  on  the  vesicular  uptake,  we 
used  .Mg^*-ATP  salt  in  the  incubation  mixture.  Also  in  this  case 
the  uptake  of  GABA  was  not  stimulated  by  addition  of  low 
concentrations  of  Cl',  whereas  the  uptake  of  glutamate  was 
highly  stimulated,  as  before. 

DISCUSSION 

In  the  present  study  we  have  shown  that  the  agents  SITS. 
DIDS  and  N144  were  about  10  times  more  potent  in  inhibiting 
the  Mg**-ATP-dcpendcni  uptake  of  glutamate  than  the  corre¬ 
sponding  uptake  of  GABA  into  vesicles.  The  effect  of  SITS  and 
N144  could  not  be  explained  by  an  effect  on  the  vesicular  Mg**- 
ATPase.  since  the  Mg**-ATPasc  was  less  inhibited  than  the 
vesicular  uptake  of  glutamate.  In  addition,  we  have  extended  the 
previous  findings  of  Naito  &  Ueda  (1985),  Fykse  e/  a/.  (1989)  and 
Kash  et  ai  (1989)  that  the  vesicular  uptakes  of  GABA  and 
glutamate  have  different  sensitivity  to  permeant  anions.  We  have 


also  shown  that  the  inhibitory  effect  of  SITS  on  the  uptake  of 
glutamate  was  less  potent  in  the  absence  of  Cl’ 

Since  SITS  and  N144  inhibited  the  glutamate  uptake  more 
than  hydrolysis  of  ATP.  it  is  likely  that  their  inhibitory  effect  was 
due  to  an  effect  on  the  glutamate  earner  and  not  on  the  vesicle 
H'-ATPase,  This  agrees  with  the  general  view  that  the  vesicle 
H'-ATPasc  IS  a  well-preserved  structure  belonging  to  a  class  of 
enzyme  (vacuolar  type)  responsible  for  aadificaiion  of  different 
intracellular  organelles  (Nelson.  1986.  1987.  Cidon  &  Sihra 

1989) .  The  vesicle  H*-ATPasc  is  immunologically  related  to  the 
chromaffin-granule  enzyme  (Cidon  &  Sihra.  1989).  and  the 
mammalian  vesicle  H'-ATPase  closely  resembled  the  vacuolar 
ATPase  of  chromaffin  granules  (Floorer  jf.  1990).  Il  is  therefore 
reasonable  to  assume  that  SITS.  DIDS  and  N144  did  not 
pnmanly  affect  the  Mg**-ATPasc  in  the  concentration  range 
used  m  the  present  experiments. 

The  effect  of  SITS  on  the  synaptosomal  high-alfinity  uptake  of 
glutamate  was  more  than  100*fold  less  potent  (Fosse  et  al .  1989) 
than  the  effect  on  the  vesicular  uptake.  This  shows  the  large 
differences  in  the  structure  of  the  vesicular  transporter  and  the 
high-affinity  glutamate  transporter  of  synaptosomes. 

Agents  which  affect  the  Mg**-ATPase.  NE.M  and  .V.V'-dicyclo* 
hexylcarbodi-imide  (‘DCCD').  or  the  electrochemical  proton 
gradient,  carbonyl  cyamde  m<h!orophcnyihydra2one  (CCCP) 
nigencin  and  gramicidin  seems  to  inhibit  the  uptake  of  GABA 
and  glutamate  more  similar  than  SITS.  DIDS  and  N144  (Fykse 
et  aU  1989).  The  amon  SCN'  have  been  shown  lo  inhibit  the 
uptake  of  glutamate  and  GABA  fShioi  et  aJ.,  1989;  Hell  et  al., 

1990) ,  and  in  the  present  work  the  uptake  of  GABA  and 
gluiamaie  was  inhibited  nearly  to  the  same  extent  by  SCN' 

The  point  then  arises  whether  SITS.  DIDS  and  N144  may 
affect  the  glutamate  transporter  The  three  compounds,  although 
only  to  a  small  extent  N 144,  have  two  negatively  charged  groups, 
as  m  glutamate.  The  distance  Y  '^e  groups  ( C, )  is,  however, 

larger  than  in  glutamate.  dd  not  give  inhibiuon 

(Christensen  et  al.,  1991)  In  other  biological  systems  such  as  red 
blood  cells,  the  stilbenedisulphonate  denvauves  SITS  and  DIDS 
are  known  to  be  blockers  of  anion  transport  (Cabantchik  et  al.. 
1978),  and  Cabantchik  et  al.  (1978)  have  shown  that  5-8  fisi- 
DIDS  almost  completely  inhibited  anion  exchange  in  red  blood 
ceils.  This  is  in  agreement  with  the  effect  of  DIDS  on  the  uptake 
of  giuiaraatc.  In  the  absence  of  O',  the  effect  of  SITS  on  the 
uptake  of  glutamate  was  less  potent.  These  results  indicate  that 
a  CT  channel  or  a  Cl'-binding  site  might  be  involved  in  the 
uptake  of  glutamate.  This  is  in  agreement  with  the  fact  that 
different  anions  affected  the  uptake  of  GABA  and  glutamate 
differently.  Low  concentrations  of  several  permeant  anions  such 
as  Cl'.  Br'  and  I'  stimulated  the  uptake  of  glutamate,  which  are 
in  agreement  with  Naito  &  Ueda  ( 1985).  Low  concentrations  of 
F'  inhibited  the  uptake  of  glutamate  significantly  In  contrast, 
low  concentrations  of  permeant  anions  did  not  stimulate  the 
uptake  of  GABA  in  the  preparations,  which  is  consistent  with 
the  effect  of  Cl'  on  the  uptake  of  GABA  (Fykse  et  al..  1989;  KJsh 
et  al.,  1989).  In  contrast.  Hell  ei  ai.  ( 1990)  found  a  40'’o  decrease 
in  the  GABA  uptake  in  the  absence  of  CT :  maximal  uptake  was 
observed  in  the  range  of  4-50  mM-CT  ions.  Even  m  the  experi¬ 
ments  where  we  added  Mg**  as  Mg*‘-ATP  to  avoid  SO/'  in 
the  incubation  mixture,  we  did  not  find  any  stimulation  of  the 
GABA  uptake  by  C'.  The  uptake  of  glutamate  was  highly 
stimulated  as  before  All  results  indicate  at  least  a  different 
anion-sensitivity  of  the  uptake  systems  for  GABA  and  glutamate. 

We  also  tested  the  more  specific  anion-channel  blocker  NI44 
(Wangemann  et  ai..,  1986),  since  some  of  the  present  results 
support  the  idea  that  a  O*  channel  might  be  involved  in  the 
uptake  of  glutamate.  The  effects  on  the  uptake  of  GABA  and 
glutamate  were  in  agreement  with  the  effects  of  SITS  and  DIDS. 
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Dayanithi  &  Nordmann  i  !9X9>  found  that  NI44  caused  release 
of  vasopressin  from  rat  permeubilized  neurohypophysial  nerve 
endings,  and  they  concluded  that  a  Cl  channel  was  involved  m 
the  release  process.  They  found  the  IC.,„  value  to  be  5  um.  Release 
of  adrenaline  from  chromaffin  granules  has  also  been  shown  to 
be  inhibited  by  SITS,  and  anions  such  as  CT  were  required  for 
the  release  process  iPazoles  &  Pollard.  19"8).  Cidon  8l  Nelson 
(19821  investigated  the  elTeci  of  SITS  on  the  Mg-*-ATPasc  of 
chromaffin  granules  and  concluded  that  up  to  a  concentration  of 
lO  iiM-SITS  the  inhibition  was  due  to  a  blockage  of  a  Cl 
channel. 

To  explain  the  different  effects  of  SITS.  DIDS  and  N144  on 
the  neuroiransmitter  uptakes,  a  direct  effect  on  at  least  part  of 
the  glutamate  transporter  seems  to  be  a  reasonable  explanation. 
The  effects  of  low  concentrations  of  permeant  anions  on  the 
uptake  of  glutamate,  and  the  more  potent  effect  of  anion-channel 
blockers,  indicate  involvement  of  an  anion  channel  or  an  anion 
site.  The  lack  of  effect  of  these  anions  on  the  uptake  of  GABA, 
and  the  less  potent  effect  of  the  anion-channel  blockers,  indicate 
that  permeant  anions  are  not  directly  involved  m  the  uptake  of 
GABA  One  possible  ncchanism  for  the  uptake  of  glutamate  is 
that  a  glutamate/Cl  antipori  exists.  More  expenmems  need  to 
be  done  to  show  clearly  whether  a  Cl'  channel,  a  Cl'-binding  sue 
and  a  glutamaie  Cr  antiport  are  involved  in  the  uptake  of 
glutamate. 

W«  are  grateful  to  Ms  Evy  Gnni  Iversen  and  Ms.  Manta  Ljenes  for 
thetr  skilful  ..‘chnical  assistance.  We  also  thank  Dr.  J  J.  Nordmann. 
Centre  de  Neurochimie.  Strasbourg.  France,  for  the  gift  of  N144. 
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A'ei'  nords  Synaptic  vesicle:  Vesicular  upuke:  '/-Aminobuiync  acid:  i.'Glutamaie:  Regional  distribution 

The  ATP'dependent  uptake  of  GABA  and  L-glutamate  into  synaptic  vesicles  isolated  from  4  different 
regions  of  the  rat  brain  was  studied.  The  regional  distribution  of  the  vesicular  uptake  was  related  to  the 
Na  *  -dependent  synaptosomal  uptake,  which,  as  a  first  approximation,  corresponds  to  the  distnbution  of 
GABAergic  and  glutamatergic  terminals.  The  ratio  found  between  the  vesicular  GABA  and  L-glutamate 
uptake  varied  between  1.3  and  6.2,  This  indicates  that  GABA  and  L-glutamate  are  taken  up  into  different 
vestcle  popul  ittons. 


There  is  now  substamial  evidence  that  the  amino  acid  neurotransmitters  j-amino- 
butyrate  (GABA)  and  L-glutamate  are  specifically  taken  up  into  mammalian  brain 
synaptic  vesicles  [1.  6,  9.  10.  12],  The  uptake  is  highly  dependent  on  Mg-'^.  ATP  and 
a  transmembrane  pH  gradient.  The  vesicular  uptake  differs  from  glial  and  synaptoso¬ 
mal  uptake  in  that  it  is  not  inhibited  by  inhibitors  of  these  uptakes,  and  that  it  is 
not  stimulated  by  high  concentrations  of  NaCI  [6,9.  10).  GABA  uptake  is  more  labile 
than  the  L-glutamate  uptake,  and  has  been  difficult  to  demonstrate.  Thus  in  an  at¬ 
tempt  to  isolate  vesicles  by  immunoprecipitation,  the  uptake  of  GABA  was  lost  [9]. 
Subcellular  fractionation  based  on  hypo-osmotic  shock  of  synaptosomes  results  in 
vesicles  with  stable  GABA  uptake  [6-8]. 

Previous  studies  on  vesicular  uptake  have  mostly  dealt  with  the  uptake  into  synap¬ 
tic  vesicles  isolated  from  the  whole  brain  [1,  6.  7,  9.  10],  In  the  present  study  we  have 
compared  the  uptake  of  GABA  and  L-glutamate  into  synaptic  vesicles  and  synapto¬ 
somes  isolated  from  different  brain  regions.  The  object  was  to  see  if  the  regional  dis¬ 
tribution  of  the  vesicular  uptake  of  L-glutamate  and  GABA  differ,  and  if  the  vesicular 
uptake  is  correlated  with  the  distribution  of  GABAergic  and  glutamatergic  terminals. 
Such  findings  would  also  indicate  that  the  two  uptake  processes  are  specific. 
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Urains  from  10  male  Wistar  rats  weighing  200-250  g  were  removed  after  decapi¬ 
tation.  The  brains  were  dissected  into  4  regions,  cerebral  cortex,  cerebellum,  medulla 
and  subcortical  telencephalon  (i.e.  forebrain  after  removal  of  cortex).  The  vesicular 
uptake  is  low  and  requires  a  large  amount  of  matenal.  preventing  a  separation  of 
the  brain  into  several  other  regions  at  the  present  time.  A  10%  homogenate  was  made 
in  0.32  M  sucrose.  10  mM  Tris-maleate  (pH  7.4)  and  I.O  mM  EGTA.  After  centrifu¬ 
gation  of  the  homogenate  at  1000  g  for  10  min,  the  supernatant  was  made  0.8  M 
in  sucrose  and  centrifuged  at  20,000  g  for  30  min.  This  allows  the  separation  of  mye¬ 
lin  and  microsomes  from  the  synaptosomes.  The  crude  synaptosomal  pellet  was 
osmotically  shocked  by  resuspension  in  10  mM  Tris-maleate  (pH  7.4).  After  10  min. 
sucrose  was  added  to  0.3  M.  and  the  solution  was  centrifuged  at  17.000  g  for  30  min. 
The  supernatant,  enriched  in  synaptic  vesicles  [13],  was  used  for  vesicular  uptake 
studies.  The  variation  in  vesicular  proteins  per  gram  original  tissue  of  each  brain  re¬ 
gion  was  not  significant.  The  average  protein  contents  were  1.10,  0.90.  1.00  and  1. 10 
mg  protein  per  gram  original  tissue  in  cerebral  cortex,  cerebellum,  medulla  and  the 
subcortical  telencephalon  respectively.  The  crude  synaptosomal  fraction  was  sub¬ 
jected  to  high  afifinity  uptake  of  GABA  and  L-glutamate. 

Vesicular  uptake  of  pH]GABA  and  L-pH]glutamate  was  determined  as  described 
by  Fykse  and  Fonnum  [6].  Synaptic  vesicles  (100-160  jtg  protein)  were  incubated 
with  I  mM  [’HjGABA  or  L-pH]glutamate  (5  mCi/mmol),  2  mM  ATP  (disodium  salt 
neutralized  with  Tris  base)  and  4  mM  MgClj  The  vesicles  were  preincubated  at  30‘'C 
for  1 5  min  before  incubation  with  ATP  and  tritiated  neurotransmitter  for  3  mm  at 
30''C.  The  reaction  was  stopped  by  filtration  through  a  Millipore  HAWP  filter  (24 
mm.  0.45  jtm),  and  the  radioactivity  was  determined  in  a  Packard  Tri  Carb  2200 
Liquid  scintillation  counter  with  a  counting  efficiency  of  54-58%.  Blanks  were  treated 
similarly,  but  were  incubated  at  0°C.  The  blank  values  were  548+  18  cpm  (fl=64) 
for  GABA  and  516+ 1 7  cpm  (n  =  62)  for  L-glutamate.  The  blank  values  corresponded 
to  about  55%  and  30%  of  the  radioactivity  retained  on  the  filters  for  the  GABA  and 
L-glutamate  uptake  respectively.  The  blank  values  did  not  vary  significantly  among 
the  different  brain  areas. 

High  affinity  uptake  of  GABA  and  L-glutamate  into  synaptosomes  was  measured 
as  described  by  Fonnum  et  al.  [5].  Two  (A  crude  synaptosomal  fractions  (containing 
3-5  tig  protein)  were  added  to  0.5  ml  Tris-Krebs  medium  containing  (mM):  Tris  15. 
NaCl  140,  KCl  5,  CaCli  1.2,  MgSOa  1.2,  Na2HP04  1.2,  glucose  10,  pH  adjusted  to 
7.4.  The  mixtures  were  preincubated  for  15  min  before  incubation  with  75-80  nM 
tritiated  transmitter  (20-30  Ci/mmol)  for  3  min  at  25°C.  The  uptake  was  terminated 
by  filtration  in  a  Skatron  cell-harvester  with  a  glassfiber  filtermat. 

In  this  study  we  have  investigated  the  uptake  of  GABA  and  L-glutamate  into  a 
crude  vesicle  fraction  isolated  from  different  brain  areas  (Table  I).  We  have  con¬ 
firmed  that  with  this  procedure  the  uptake  was  highly  dependent  on  ATP  and  inde¬ 
pendent  of  Na  ^  ions,  showing  the  absence  of  plasma  membrane  uptake  systems  [6]. 
Separate  experiments  showed  that  the  uptake  was  linear  up  to  3  min  and  linear  with 
protein  concentration. 

In  order  to  investigate  if  the  distribution  of  vesicular  uptake  corresponded  with 
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TABLE  I 

UPTAKE  OF  GABA  AND  l-GLUTAMATE  INTO  SYNAPTIC  VESICLES  ISOLATED  FROM  DIF¬ 
FERENT  BRAIN  AREAS 


A  crude  vesicle  fraction  was  incubated  in  0.32  M  sucrose.  10  mM  Tris-maleate  (pH  7.4).  4  mM  MgCL. 
2  mM  NaiATPand  1  mM  L-(’Hlglutamateorl’HlGABA(SiiiCiimmoi)  for  3  min  at  30‘'C.  Data  are  means 
;  S.E.M.  from  6  different  experiments. 


Region 

Vesicular  uptake  (pmol/min/g  onginal  tissue) 

GABA 

L'Glutamale 

Ratio  l-G1u/GABA 

Cerebral  cortex 

63+11 

388  +  58 

6.2 

Cerebellum 

4S±I3 

I86±2S 

3.9 

Medulla 

144  +  31 

188  +  43 

1.3 

Subcortical  telencephalon 

216  +  35 

459  +  55 

2.1 

the  distribution  of  glutamatergic  and  GABAergic  terminals,  we  studied  the  sodium- 
dependent  synaptosomal  uptake  into  the  same  regions  (Table  11).  The  ratio  between 
GABA  and  L-glutamate  uptake  into  synaptic  vesicles  corresponded  well  with  the  ra¬ 
tio  between  GABA  and  L-glutamate  uptake  into  synaptosomes  from  the  same  re¬ 
gions.  The  uptake  of  L-glutamate  into  synaptic  vesicles  was  highest  in  the  cerebral 
cortex  and  also  in  the  subcortical  telencephalon  containing  among  others  striatal  and 
thalamic  regions.  These  are  regions  known  to  be  rich  in  glutamatergic  terminals  [3. 
1 1].  The  uptake  was  lower  in  cerebellum  and  medulla.  The  regional  distribution  of 
the  vesicular  uptake  of  L-glutamate  was  in  agreement  with  the  synaptosomal  uptake 
of  L-glutamale.  except  that  the  synaptosomal  uptake  in  cerebral  cortex  was  twice  the 
uptake  in  the  subcortical  telencephalon.  The  area  which  showed  the  highest  vesicular 


TABLE  II 

UPTAKE  OF  GABA  AND  c-GLUTAMATE  INTO  A  CRUDE  SYNAPTOSOMAL  FRACTION  ISO¬ 
LATED  FROM  DIFFERENT  BRAIN  AREAS 

A  crude  synaptosomal  fraction  was  incubated  in  Krebs  solution  and  75  nM  pH]GABA  124  Clmmol)  or 
80  nM  L-[’Hlglutamale(25Ciimmol>at25Xfor3min.  Data  are  means  ±  S.E.M,  from  5  different  expcn- 
ments 


Region  Synaptosomal  uptake  Ipmol/min/g  onginal  tissue) 


GABA 

L'Oluiamate 

Ratio 

l*GIu,GABA 

Cerebral  cortex 

344±47 

1852±99 

54 

Cerebellum 

107  +  29 

468  ±58 

4.4 

Medulla 

122+14 

245  ±26 

2.0 

Subcortical  telencephalon 

344±64 

934  ±64 

2  7 
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uptake  of  GABA,  was  the  subcortical  telencephalon.  This  corresponded  well  with 
the  distribution  of  the  synaptosomal  GABA  uptake.  The  subcortical  telencephalon 
contains  among  others  hypothalamus,  globus  palhdus  and  substantia  nigra,  which 
are  regions  known  to  be  nch  in  GABAergic  neurons  (4.  I IJ. 

As  previously  descnbed.  the  vesicular  GABA  uptake  is  not  inhibited  by  L-gluta- 
mate,  and  the  vesicular  L-glutamate  uptake  is  not  inhibited  by  GABA  [6,  10].  This 
Indicates  that  GABA  and  L-glutamate  are  taken  up  at  different  sites  of  synaptic  vesi¬ 
cles.  In  this  study  we  found  a  different  ratio  between  L-glutamate  and  GABA  uptake 
into  different  brain  regions.  This  supports  the  notion  that  GABA  and  L-glutamate 
are  taken  up  into  different  vesicle  populations.  Recently.  ATP-dependent  L-gluta¬ 
mate  uptake  in  the  cerebellar  synaptic  vesicle  fraction  was  reduced  by  about  60%  in 
mice  lacking  granule  cells,  but  not  in  mice  tacking  Purkinje  cells  [2].  These  results 
point  in  the  same  direction  as  ours. 

The  vesicular  uptake  ratio  L-glutamate, GABA  in  cerebral  cortex  was  6.2.  which 
indicates  that  the  GABA  uptake  is  16%  compared  to  the  L-glutamate  uptake.  In 
medulla  the  ratio  L-glutamate.'GABA  was  only  1.3.  which  means  that  the  uptake  of 
GABA  is  77%  compared  to  the  L-giutamate  uptake.  The  ratio  found  between  GABA 
and  L-glutamate  uptake  in  medulla  is  the  highest  ever  reported. 

We  therefore  conclude  that  the  vesicular  uptake  of  GABA  and  L-glutamate  corres¬ 
ponds  with  the  expected  distribution  of  GABAergic  and  glutamatergic  terminals. 
These  results  support  the  idea  that  GABA  and  L-glutamate  are  taken  up  into  differ¬ 
ent  populations  of  synaptic  vesicles.  At  present,  our  working  hypothesis  is  that  the 
vesicular  uptake  is  the  key  factor  in  differentiating  between  different  amino  acids  as 
transmitter  candidates  in  specific  terminals. 

The  authors  are  grateful  to  Ms.  E.  Grini  Iversen  for  her  excellent  technical  assis¬ 
tance. 
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The  substrate  specificity  of  vesicular  GABA  and  glycine  uptake  was  studied  in  vesicle  fractions  from  brain  and  spinal  cord, 
respectively.  Glycine,  ^-alanine  and  Y'vmyUGABA  were  competitive  inhibitors  of  the  GABA  uptake  by  synaptic  vesicles  in  brain 
Likewise  GABA  and  j3<alanine  turned  out  to  be  competitive  inhibitors  of  vesicular  uptake  of  glycine  in  spinal  cord.  The  apparent 
K,  values  were  in  (he  s.-iv  e  range  as  the  respective  values  for  the  transport  systems.  Accumulation  of  different  ammo  acids  were 
examined,  and  the  structurally  related  amino  acids  GABA,  ^•aianine  and  glycine  were  ail  taken  up  by  both  vesicle  fractions  In  the 
present  study,  we  suggest  that  there  are  similarities  in  the  vesicular  transporters  for  GABA  and  glycine,  and  the  two  ammo  acids 
are  probably  taken  up  into  the  same  vesicle  population.  The  key  factor  in  differentiating  between  GABA  and  glycine  as 
transmitters  m  the  terminals  could  be  the  synthesis  and  the  hi^*affini(y  synaptosomal  uptake. 

Synaptic  vesicles:  Glycine:  GABA:  Vesicular  uptake 


\.  Introduction 

Y-Aminobuiyraie  (GABA)  and  glycine  are  regarded 
as  the  major  inhibitory  neurotransmiticrs  in  the 
vertebrate  central  nervous  system  (CNS).  GABA  is  a 
transmitter  in  both  the  upper  and  lower  part  of  the 
CNS,  whereas  gJycine  is  an  established  transmitter  in 
the  lower  part  of  the  CNS  (Apnson  and  Nadi,  1978; 
Fonnum,  1987).  The  high^affinity  uptake  of  the  two 
amino  acids  over  plasma  membranes  differs  between 
different  regions  of  CNS  (Johnston  and  iversen,  1971). 
Furthermore,  the  plasma  membrane  uptake  of  GABA  is 
reported  not  to  be  inhibited  by  glyane  and  vice  versa 
(Balcar  and  Johnston,  1973).  Posisynapiically  both  ncu- 
rotransmitters  lead  to  inhibition  by  an  opening  of  chlo 
nde  channels.  The  receptors  for  the  (wo  ammo  acids 
show  sequence  homology  (Barnard  el  ai..  1987). 

ATP-dependeni  GABA  and  glycine  uptake  in  brain 
and  spinal  cord  synaptic  vesicles,  respectively,  has  re¬ 
cently  been  demonstrated  (Christensen  et  al..  1990; 
Fykse  and  Fonnum.  1988;  Hell  ct  al.,  1988:  Kish  et  al., 
1989).  The  accumulation  of  the  two  inhibitory  trans¬ 
mitters  is  driven  by  an  electrochemical  proton  gradient 
genei  M 'd  by  a  similar  Mg‘*-ATPasc.  The  uptakes  are 
not  stimulated  by  Na*  and  appear  to  be  different  from 
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that  of  glial  cells  and  synaptosomes  (Christensen  et  al,, 
1990;  Fykse  and  Fonnum.  1988). 

KJsh  et  al.  (1989)  have  recently  suggested  that  uptake 
of  OABA  and  glycine  into  synaptic  vesicles  are  distinct 
from  each  other.  We  have  recently  shown  that  a  high 
concentration  of  GABA  and  )3-alamne  inhibited  the 
uptake  of  glycine  into  a  vesicle  fraction  from  spinal 
cord  (Chnstensen  et  al..  1990).  In  the  present  study  we 
have  therefore  exaimned  the  substrate  specificity  of  the 
vesicular  transporters  of  GABA  and  glycine  in  brain 
and  spinal  cord,  respectively.  The  uptake  of  B-alanine, 
taurine  and  aspartate  into  vesicles  has  also  been  ex¬ 
amined 


2.  Materials  and  methods 

21  Materials 

GABA.  L-glutamate  (dipotassium  salt).  L-aspartate 
(disodium  salt),  glycine,  taurine,  ^-alanine.  L-alanine. 
L-serine.  N-methylalanine.  N-methylglycine  (sarcosine). 
allylglycine.  guanidino-propionate.  y-vinyl-GABA. 
nipecoiale.  diaminobutyrate  (DABA).  strychnine  and 
ATP  (disodium  salt)  were  purchased  from  Sigma  Chem¬ 
ical  Co.  St.  Louis.  MO,  U.S.A.  [3-’H(N)]^-alanine  (120 
Ci/mmol).  [2.3-’H)GABA  (40  Ci/mmol).  (’HJglycine 
(53.3  Ci/mmol),  L-[2.3-^H]aspartate  (14.9  Ci/mmol). 
L-(2,3-’Hlglutamate(25  Ci/mmol)  and  [2-’H(N)]taurine 
(20.1  Ci/mmol)  were  from  New  England  Nuclear. 
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Preparation  of  svnaptic  resides 

In  each  experiment  10  male  Wisiar  rats  (200-250  g) 
were  killed  by  decapitation,  and  the  brains  and  the 
spinal  cords  were  quickly  removed.  Synaptic  vesicles 
were  prepared  as  described  by  Fykse  and  Fonnum 
(1988)  and  Christensen  et  al.  (1990).  Homogenates  (10%) 
from  both  brain  and  spinal  cord  were  made  in  0.32  M 
sucrose.  10  mM  Tris-maleate  (pH  74)  and  1.0  mM 
EGTA.  The  homogenates  were  centrifuged  10  min  at 
800  X  g,  and  the  supernatants  were  centnfuged  at 
15,500  X  g  for  30  min  to  obtain  Pj  fractions  (crude 
synaptosomal  fractions).  The  spinal  cord  supernatant 
was  made  0.8  M  in  sucrose  before  centrifugation,  to 
remove  myelin  and  microsomes  from  the  Pj  fraction. 
The  crude  synaptosomal  fraction  from  both  brain  and 
spmal  cord  were  osmotically  shocked  by  resuspension  m 
10  mM  Tns-maleate  (pH  7,4)  and  0.1  mM  EGTA,  and 
the  solutions  were  centnfuged  at  13,000  x  g  for  30  min. 
In  the  spinal  cord  experiments  this  supernatant  was 
made  0,30  M  in  sucrose  and  used  in  the  vesicular 
uptake  studies.  The  supernatant  from  the  brain  prepara¬ 
tion  was  laid  on  top  of  0  4  .M  and  0.6  M  sucrose 
soluuons  and  centnfuged  in  a  Contron  TST  28,38  rotor 
at  65.000  X  g  for  2  h.  The  vesicle  fraction  was  isolated 
from  the  band  containing  0.4  M  sucrose  (D-fraction). 
The  vesicle  preparations  were  stored  in  liquid  mtrogen 
without  loss  of  activity.  The  vesicular  uptakes  were  not 
contaminated  by  plasma  membrane  uptake,  since  they 
were  not  stimulated  by  Na*  (Christensen  ei  al.,  1990; 
Fykse  and  Fonnum.  1988;  Fykse  et  al.,  1989).  Further¬ 
more  the  uptakes  were  dependent  upon  Mg^*  and  ATP 
and  inhibited  by  proton  ionophores. 

2.J.  Assay  for  uesicular  GABA  and  glycine  uptake 

Uptake  of  GABA  into  brain  synaptic  vesicles  and 
glycine  into  spinal  cord  vesicles  was  assayed  as  previ¬ 
ously  described  (Christensen  et  al..  1990;  Fykse  and 
Fonnum.  1988).  Synaptic  vesicles  ('j.1-0.2  mg  of  pro¬ 
tein)  were  preincubated  for  15  min  at  30”  C  in  0.30  M 
sucrose,  10  mM  Tris-maleate  (pH  7.4),  4  mM  MgClj 
and  the  test  agent.  The  vesicles  were  incubated  for  1.5 
min  (brain)  or  2  min  (spinal  cord)  with  25  pi  of  a 
substrate  solution  containing  ATP  (final  concentration 
*■  2  mM)  and  [’HjGABA  (final  concentration  —  1  mM; 
I  /iCi)  or  [^HJglycine  (fmal  concentration  1  mM;  1.5 
(iCi).  Uptake  was  terminated  by  addition  of  7  ml  of 
ice-cold  0.15  M  KCI  immediately  followed  by  rapid 
filtration  through  a  millipore  HAWP  filter  (diameter  25 
mm,  pore  size  0.45  pm).  The  incubation  tubes  and  the 
filters  were  washed  twice  with  0.15  M  KCI  solution.  The 
filters  were  dissolved  in  10  ml  of  Filter  Count,  and  the 
radioactivity  was  determined  in  a  Packard  Tri-Carb 
2200  liquid  scintillation  counter  with  a  counting  ef¬ 
ficiency  of  50-56%.  Blanks  were  treated  in  the  same  way 


but  incubated  at  0“C.  Blank  values  did  not  vary  signifi¬ 
cantly  under  the  different  treatments.  The  blank  values 
for  the  uptake  of  different  amino  acids  into  brain 
vesicles  were:  GABA.  374  +  14  cpm;  glycine,  396  ±  30 
cpmi  ^-alanine.  418  t.  17  cpm;  glutamate.  205  +  23  cpm. 
The  blank  values  for  the  uptake  into  spinal  cord  syn¬ 
aptic  vesicles  were:  GABA,  410  +  45  cpm;  glycine,  363 
+  12  cpm;  ;8-alanine,  376  ±  61  cpm  glutamate.  402  + 
44  cpm.  The  values  corresponded  to  about  10--30%  of 
the  radioactivities  retained  on  the  filters,  but  binding  of 
the  substrate  to  the  filters  accounted  for  70%  of  the 
blank  values.  Assays  were  earned  out  in  duplicate.  The 
test  agents  were  added  in  the  preincubation  mixture. 
Strychnine  was  dissolved  in  absolute  ethanol  ( 1 .5  %  I. 
and  ethanol  in  this  concentration  inhibited  the  vesiculai 
uptake  of  glycine  by  11%.  The  uptake  of  [’HJtaunne 
(1.5  pCi).  [’H])3-alanine  (1.5  pCi).  [^HjL-aspartate  (15 
pCi)  and  [’H]i.-glutamate  (0.5  uCi)  was  assayed  in  the 
same  way  in  the  presence  of  i  mM  of  the  respective 
amino  acids.  2  mM  ATP  and  4  mM  MgClj.  In  the 
spinal  cord  uptake  experiments  1.5  pCi  of  f^H]L- 
glutamate  and  I’HJOABA  were  used  The  uptake  was 
linear  over  the  protein  ranges  used  for  both  brain  and 
spmal  cord  vesicles.  Protein  was  deterrruned  according 
to  Lowry  et  al.  (1951)  with  bovine  serum  albumin  as 
standard. 

2.4.  Calculations  and  statistics 

Results  are  expressed  as  mean  ±  S.E.  of  absolute  or 
relative  uptake  (as  percent  of  controls).  Groups  of  data 

Table i 

Effecu  of  different  agents  on  the  vesicular  Jptake  of  GABA  mto 
synaptic  vesicles  isolated  from  brain  The  vesicle  fraction  was  iD' 
cubaied  in  0.30  M  sucrose.  10  mM  Tns'tnaleate  (pH  7.4).  2  mM  ATP. 
4  mM  MgCIj  and  1  mM  [^H)GABA  0  mCI)  at  30*C  for  1.5  min. 
The  different  test  agents,  m  5  and  10  mM  concentrations,  were  added 
to  the  preincubatjon  muiure.  The  control  value  for  the  vesicular 
uptake  of  GABA  was  954^82  pmol/mm/mg  of  protein  (n  — iO) 
Data  are  expressed  m  percent  of  control  (mean  t  S.H.  for  the  number 
of  determinauons  given  m  parentheses). 


Test  agents 

GABA  uptake (%) 

5  mM 

10  mM 

DABA 

84±9(^' 

711:11(5) 

Nipecoiaie 

88  ±7  (5) 

Sl±  4(5)* 

L-OIutamaie 

105  ±7  (5) 

105  ±  5(5) 

L-Aspartate 

97  ±5  (5) 

W±  3(5)* 

Guanidint^  propionate 

95  ±4  (3) 

77±  7(31 

AUylglycuie 

90±9(4) 

&8±  5(3)‘ 

GVG 

39±5(6)'’ 

27±  4(5)'’ 

N-MethylgJycine 

91  ±  3(3) 

N>MethylaJanine 

97  ±  3(3) 

;.>Senne 

1U±10(3) 

Taunne 

109±  8(3) 

L-Alanine 

73±  6(5) 

Glycine 

54^9(4)* 

34±  9(4)'' 

/8-Alanme 

60±7(4)' 

39±  9(3)' 

GABA 

22l  2(3)" 

*  P  <  0.01.  “  P  <  O.OOl.  by  Sludent's  /  uai. 
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Fig.  1  Double-reciprocal  plots  of  ihc  vesicular  uptake  of  GABA  or  glycine  againsi  ihe  concentration  of  GABA  or  gjvcine  in  the  absence  and  in  the 
presence  of  different  str^iCiural  analogues.  A.  B  and  C  show  the  uptake  of  GABA  into  svnaptic  vesicles  from  brain  D  shows  :he  vesicular  uptake  of 
glycine  into  a  spinal  cord  preparation.  The  different  inhibitors  added  wr-e  i.Ai  B-alanine.  iBi  glvcine.  (C)  GVG.  and  (D>  /9>alanine.  The  apparent 
K,  values  for  the  GABA  uptake  wen-  calculated  to  be  6.6  mM  for  ^-alanine,  i  mM  for  glycine  and  18  mM  for  GVG  The  apparent  K.  value  for 
(he  glycine  uptake  was  3  7  mM  lor  ^aiamnc  Svnapttc  vesicles  isolated  from  brain  or  spinal  cord  svere  incubated  as  described  in  MaienaU  anri 
methods.  In  these  kinetic  expenments  the  concentration  of  GABA  was  vaned  between  0  5  and  10  mM.  and  (he  concentration  of  glycine  was  varied 
between  1  and  20  mM.  Each  point  represents  ihe  average  of  ai  least  three  separate  expenments. 
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'*ere  anaivzed  bv  Students  t  test.  .-Xll  figures  show 
mean  values  from  at  least  three  different  independent 
experiments.  Linear  regression  analysis  was  performed. 


3.  Results 

J.l.  Substrate  specific  v  for  GABA  uptake  into  brain 
svnaptic  tesicles 

In  order  to  examine  the  specificity  of  the  vesicular 
GABA  transloeator.  dtfferent  GABA  and  glycine  ana¬ 
logues  were  tested  for  their  ability  to  inhibit  the  uptake 
of  G.ABA  (table  1).  Diaminobutyrate  (DABA)  and 
nipecotate,  agents  known  to  inhibit  the  sodium-depen- 
dent  GABA  uptake  bv  plasma  membranes  (Krogs- 
gaard-Larsen  and  Johnston.  1975),  had  almost  no  effect 
on  the  vesicular  uptake  of  GABA.  The  GABA  ana¬ 
logues,  guanidino-propionate  and  allylglycine  had  only 
a  small  effect  on  the  uptake  of  GABA.  In  contrast. 
y-vinyl-GABA  (GVG)  had  a  very  potent  tnhibitory 
effect  The  effect  of  GVG  on  the  vesicular  uptake  of 
GABA  appeared  to  be  competitive  (fig.  1).  The  ap¬ 
parent  K,  value  was  calculated  to  be  1.8  mM. 

The  structural  analogues  N-methylglycine  and  N- 
methylalanine  did  not  inhibit  the  vesicular  uptake  (table 
1 1  In  addition,  the  ammo  acids  L-sehne  and  taunne 
had  no  inhibitory  effect  either  L-alanine  inhibited  the 
uptake  by  2"!%.  The  acidic  amino  acids  L-glutamate  and 
L-aspartaij  at  5  and  10  mM  did  not  affect  the  uptake  of 
G.ABA. 

The  armno  acids  glycine  and  )3-alamne  were  potent 
inhibitors  of  the  uptake  of  GABA  (table  1).  a  id  the 
inhibition  turned  out  to  be  competitive  (fig.  1).  Ap¬ 
parent  K,  values  were  calculated  to  be  3.7  a.id  6.6  mM, 
respectively. 

J  2.  Substrate  specifictty  for  glycine  uptake  into  spinal 
cord  svnaptic  vesicles 

To  examine  the  specificity  of  the  glycine  transloeator 
in  spinal  cord,  some  GABA  and  glycine  analogues  were 
used.  .Addition  of  DABA  had  little  effect  on  vesicular 
glycine  uptake,  and  nipecotate  inhibited  uptake  by  36% 
(table  2).  The  GABA  analogue  allylglycine  had  only  a 
small  effect  on  the  uptake,  while  the  branched  chain 
ammo  acid  GVG  was  a  potent  inhibitor  of  the  glycine 
transport.  T  glycine  receptor  antagonist  strychmne 
caused  considerable  inhibition  when  present  m  a  high 
concentration  (5  mM;. 

The  effect  of  various  structurally  related  amino  acids 
on  the  uptake  of  glycine  into  synaptic  vesicles  from 
spinal  cord  was  examined.  Table  2  shows  that  addition 
of  a  high  concentration  of  the  N-substiluted  ammo 
acids  N-meihylalanine  or  N-methylglycine  did  not  af¬ 
fect  uptake  of  glycine.  The  amino  acids  L-serine  and 


rxBLE  : 

hfftfcts  of  different  agents  i>n  the  vesiciilar  uptake  gi  glvtine  inic> 
Avnaptic  vesicles  ist^lated  from  spinal  word  The  vesicle  fraction  was 
incubated  in  0.3t)  M  sucrose.  10  m.M  Tns-maleaie  -J  mM  MgCl;.  3 
fn.M  ATP  and  1  mM  (  Hlglvcine  1 15  aCi)  The  different  '.csi  .igenis, 
in  5  and  10  m.VJ  tonccntraiions.  were  added  to  the  preincubation 
fnmturc  The  lesi  tubes  wi-re  incubated  at  30  ®C  for  j  nun  The 
control  value  in  the  absence  of  test  agents  was  4<,i2  r  23  pmot  nun  mg 
of  protein  tn-l5)  Data  are  presented  as  meant^SE  of  relair.e 
uptakes,  expressed  m  percent  of  control  m  each  expenmcni  The 
number  of  determinations  is  gjvcn  m  parentheses. 

Test  agents  Glycine  uptake  i  i 


5  mM  10  m.M 


daba 

si  r 

2  1 1 1  ‘ 

Nipecotate 

Sirvchninc 

U  r4'4)  ■* 

64  r 

5  <4.  ' 

Allvigjycine 

GVG 

4:-"(6i " 

SO; 

f-  1 5 1 

S-Methvlglvcmc 

1  r 

16  ( 3) 

N-Meihvlalanine 

IU8  t 

4(3' 

L-Senne 

92  * 

!(J  (.it 

Taunne 

'^1  - 

'  ( 3 ) 

L-  Alarune 

S  A  . 

:•  1 4 1  ' 

GABA 

*4  ;  4  (  ^  1  ’ 

25  r 

4  (5'  ' 

/i-AJanme 

55  r  3  <4i  ' 

30; 

5  '  4 1  ■ 

Glycmc 

4.‘'  : 

}  1 3;  ' 

*  P  <  0.001.  by  Student's  ;  test. 


taunne  had  no  effect  either  Howevei.  vesicular  glycine 
uptake  was  highly  inhibited  by  the  structurallx  related 
ammo  acids  GABA  and  /J-alanme.  L-.Alanme  was  less 
potent  than  the  others. 

Further  investigations  indicated  a  competitive  inhibi¬ 
tion  by  /J-alanme  on  the  uptake  of  glycine  ifig  1 1.  The 
apparent  K.,  value  was  calculated  to  be  3."  mM  The 
effect  of  GABA  on  vesicular  uptake  if  glvcine  also 
seems  to  be  competitive,  but  due  to  high  inhibiiiun  ihe 

TABLE  3 

Vesicular  uptake  of  different  ammo  acids.  Svnaptic  vesicles  from  rai 
brain  and  rat  spinal  cord  were  prepared  and  incubated  with  radioar 
tive  ammo  acids  (concentration  -1  mM)  as  desenbed  m  Maienais 
and  methods  The  spmaJ  cord  vesicles  were  incubated  for  2  miu.  while 
ihc  bram  vesicles  were  incubated  for  I  5  min.  .Ail  incubation  mixtures 
contained  2  mM  ''P  and  4  mM  MgCT  and  were  incubated  ai  .K)®C 
Blanks  were  treated  the  same  way  but  incubated  at  0°C  Data  are 
mcan±S.E.  values  The  number  of  determinations  are  given  m 
parentheses 


Ammo  acid 

Vesicular  uptake 
(pmol.  mm.  mg  of  protein) 

Spinal  cord 

Brain 

L-Glutamaie 

686  ±  SI'  (6) 

2804;  268  ,4) 

GABA 

764±78  (5) 

954;  82(10) 

Olveme 

402;:3tl5) 

488=  "9  (3) 

^•Alanine 

261  ^26  (3) 

431 =  83  (4) 

L-Aspartate 

N.D. '  .3) 

N  D.-*  (3) 

Taunne 

N.D.*  (3) 

N-D  •  (31 

*  Not  detected 
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K.  value  for  GABA  was  esiimated  to  be  3  tuM.  GABA 
turned  out  to  be  a  slightly  better  inhibitor  of  the  glycine 
uptake  than  /3-alanine  (table  21. 

J.J  Uptake  of  different  amino  acids 

Due  to  the  ability  of  the  structural  analogues  glycine. 
yS-alanme.  GABA  and  GVG  to  compete  with  vesicular 
uptake  of  GABA  and  glycine,  we  found  it  interesting  to 
compare  the  uptake  of  radioactive  glycine,  ^-alanine. 
G.ABA.  L-glutamate.  L-aspartate  and  taunne  into  syn¬ 
aptic  vesicles  from  both  brain  and  spinal  cord  (table  3). 
The  uptake  of  glycine  and  /3-alanine  into  brain  vesicles 
was  almost  the  same  and  constituted  about  50"?  of  the 
GABA  uptake.  Extract  from  vesicles  subjected  to  $- 
alanine  uptake  was  analyzed  by  HPLC.  and  at  least  70*?! 
of  the  radioactivity  travelled  with  the  j3-alanine  peak. 
Previously  the  same  has  been  shown  for  GABA  and 
glycine  uptake  (Christensen  et  al..  1990:  Fykse  and 
Fonnum.  1988).  Taunne  and  L-aspartate  were  not  taken 
up  by  the  vesicle  fraction.  Uptake  of  glutamate  was  also 
investigated,  and  it  was  found  to  be  about  three-fold 
higher  than  the  GABA  uptake.  In  the  spinal  cord  e.x- 
penments,  however,  the  uptake  of  glutamate  and  GAB.A 
were  similar,  and  they  were  found  to  be  higher  than  the 
uptake  of  glycine  and  ^-alanine.  Aspartate  and  taurine 
were  not  accumulated  al  all.  The  uptake  of  /3-alamne 
into  both  vesicle  fractions  was  totally  abolished  when 
.ATP  was  removed  from  the  incubation  mixture  (results 
not  shown). 


4.  Discussion 

We  have  examined  the  substrate  specificity  of  the 
uptake  of  GABA  and  glycine  into  rat  brain  and  rat 
spinal  cord  synaptic  vesicles,  respectively.  Uptake  of 
GABA  was  mainly  studied  in  synaptic  vesicles  isolated 
from  rat  brain  by  sucrose  gradient  centnfugation.  Up¬ 
take  of  glycine  was  studied  in  synaptic  vesicles  isolated 
from  spinal  cord.  The  spinal  cord  synaptic  vesicles  were 
less  pure  than  the  brain  vesicles  (no  gradient),  but  the 
myelin  and  membrane  contamination  were  removed 
dunng  the  isolation.  Synaptic  vesicles  from  spinal  cord 
were  also  isolated  by  sucrose  gradient,  and  the  fraction 
which  contained  vesicles  showed  sinular  properties  (re¬ 
sults  not  shown). 

The  present  study  showed  that  GABA  competitively 
inhibited  the  uptake  of  glycine,  and  glycine  was  a 
competitive  inhibitor  of  GABA  uptake.  Kish  el  al. 
(1989)  did  not  find  any  significant  inhibition  of  GABA 
and  glycine  on  the  vesicular  uptake  of  glycine  and 
GABA,  respectively.  They  suggested  therefore  that  the 
uptake  of  the  two  ammo  acids  were  different.  They  did 
not  find  an  inhibition  of  the  GABA  and  glycine  uptake 
by  other  structural  analogues  either.  We  have  repeated 


(he  inhibition  expenments  carried  out  by  Kish  et  al. 
(1989)  using  150  jiM  GABA  and  glycine  and  10  min 
incubation  time.  At  10  min  the  two  uptake  systems  are 
saturated.  Under  these  conditions,  which  are  not  kineli- 
cally  satisfactory.  GABA  and  glycine  at  5  mM  did  not 
inhibit  the  uptake  of  glycine  and  GABA,  respectively 
(results  not  shown).  Previously  we  did  not  find  any 
effect  of  10  mM  ^-alanine  on  the  vesicular  uptake  of  a 
low  concentration  (44  jiM)  of  GABA  into  rat  brain 
synaptic  vesicles  (Fykse  and  Fonnum.  1988).  The  lack 
of  inhibition  in  these  experiments  was  probably  due  to 
the  different  kinetic  conditions  used  (Fykse  and  Fon¬ 
num,  1988;  Kish  et  al.,  1989).  The  concentrations  were 
far  below  the  apparent  K^  values,  which  are  about  6 
and  8  mM  for  GABA  and  glycine  uptake,  respectively 
(Chnstensen  et  al.,  1990;  Fykse  and  Fonnum.  1988; 
Kish  et  al.,  1989). 

The  uptake  of  GABA  into  brain  vesicles  was  compe¬ 
titively  inhibited  by  both  /3-alanine,  glycine  and  GVG, 
Likewise  the  uptake  of  glycine  into  spinal  cord  sy.aptic 
vesicles  was  found  to  be  inhibited  by  )3-aiamne.  GABA 
and  GVG.  GABA.  B-alanine  and  glycine  show  great 
structural  similarities.  The  inhibitory  constants  (K,) 
were  found  to  be  in  the  same  range  as  the  Michaelis- 
.Menten  constants  (K„)  for  the  uptake  of  GABa  and 
glycine  (Christensen  et  al.,  1990;  Fykse  and  Fonnum, 
1988;  Kish  et  al..  1989).  In  contrast,  glutamate  had  no 
effect  on  the  uptake  of  GABA  by  synaptic  vesicles  from 
brain.  Earlier  we  have  reported  that  the  vesicular  uptake 
of  glycine  in  spinal  cord  was  not  affecteu  by  glutamate 
(Christensen  et  al..  1990),  which  is  in  agreement  with 
Kish  et  al.  (1989). 

Since  /?-alanine.  glycine  and  GABA  are  competitive 
inhibitors  of  vesicular  uptake,  with  K,  values  in  the 
same  range  as  the  respective  K„  values,  it  was  interest¬ 
ing  to  see  if  these  agents  were  taken  up  into  svnaptic 
vesicles  isolated  from  brain  and  spinal  cord  separately. 
The  uptake  of  )3-alanine  and  glycine  into  synaptic 
vesicles  from  brain  was  similar,  but  only  about  half  of 
the  uptake  of  GABA.  Synaptic  vesicles  isolated  from 
spinal  cord  were  able  to  accumulate  ^-alanine.  GABA 
and  glutamate  in  addition  to  glycine.  Taunne  and  t- 
aspartate  were  not  taken  up  into  synaptic  vesicles  neither 
from  brain  nor  from  spinal  cord.  These  results  indicate 
that  the  structural  analogues  /S-alanine,  glycine  and 
GABA  all  acted  as  substrates  in  both  vesicle  prepara¬ 
tions,  and  the  amino  acids  were  therefore  probably 
taken  up  into  the  same  vesicle  population.  On  the  other 
hand,  glutamate  and  GABA  have  been  shown  to  be 
taken  up  into  different  vesicle  populations  isolated  from 
different  brain  regions  (Fykse  and  Fonnum,  1989). 
.Aspartate,  which  has  been  suggested  to  be  a  transmitter 
m  spinal  cord  intemeurons  (Davidoff  et  al..  1967),  was 
not  taken  up  into  synaptic  vesicles  from  brain  or  spinal 
cord.  The  fact  that  as,  artate  was  not  taken  up  by  the 
vesicles  is  in  agreement  with  the  results  of  Naito  and 
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Leda  (1983).  These  results  have  severely  weakened  the 
position  of  aspartate  .  >  a  transmitter.  The  results  of 
Nicholls  (1989)  that  e  idogenous  aspartate  is  not  re¬ 
leased  in  a  Ca" '-dependent  manner  from  cortical  syn- 
aptosomes,  also  speak  strongly  against  aspartate  as  a 
neurotransnutter  in  the  CNS  In  vivo  Ca' '-dependent 
release  of  aspartate  from  striatum  has  been  found  (Paul¬ 
sen  and  Fonnum,  1989)  Several  pathways  which  could 
use  aspartate  instead  of  glutamate  have  been  discussed 
(Fonnum,  1984).  This  raises  the  question  that  in  vivo 
and  also  in  slices  it  is  possible  that  an  exchange  and 
interconversion  between  glu^mate  and  aspartate  may 
occur  during  the  release  expe^ments  (Fonnum.  1991). 

The  N-methylated  forms  ofithe  amino  acids  glycine 
and  alanine  were  not  able  to  inhibit  the  vesicular  uptake 
of  GABA  or  glycine,  indicating  that  a  primary  amino 
group  IS  an  essential  component  of  vesicular  uptake  of 
inhibitory  amino  acids.  This  is  in  agreement  with  the 
results  of  Kash  et  al.  (1989)  GVG  was  a  better  inhibitor 
than  allylglycine,  which  only  slightly  inhibited  the  up¬ 
take.  DABA  and  mpecotate  are  reported  to  be  excellent 
inhibitors  of  the  high-affinity  uptake  of  GABA 
( Krogsgaard- Larsen  and  Johnston.  1975).  but  the  two 
inhibitors  had  only  a  small  effect  on  the  vesicular 
uptake  of  GABA  and  glycine,  which  has  been  reported 
earlier,  but  different  kinetic  conditions  were  used  in 
those  expenments  (Fykse  and  Fonnum,  1988;  Kish  et 
al,.  1989). 

These  results  indicate  that  the  vesicular  uptake  of 
GABa  into  synaptic  vesicles  from  brain  (including 
cerebral  cortex)  and  the  vesicular  uptake  of  glycine  into 
synaptic  vesicles  from  spinal  cord  are  similar,  and  that 
the  amino  acids  are  probably  taken  up  into  the  same 
vesicle  population.  In  contrast,  the  high-affimty  trans¬ 
port  systems  for  glycine  and  GABA  over  plasma  mem¬ 
branes  are  specific  (Balcar  and  Johnston,  1973).  A 
high-affinity  plasma  membrane  uptake  has  been  dem¬ 
onstrated  for  glycine  in  microslices  from  spinal  cord, 
medulla  and  pons  (Johnston  and  Iversen.  1971).  al¬ 
though  recently  such  uptake  has  also  been  described  in 
a  few  supra-spinal  regions  (Debler  and  Lajtha,  1987.- 
Gundlach  and  Bean,  1982;  Wilkin  et  al..  1981).  The 
high  glycine/GABA  uptake  ratio  in  synaptic  vesicles 
from  whole  brain  (0.5)  is  unexpected  in  view  of  the 
limited  distribution  of  high-affinity  synaptosomal  up¬ 
take  of  glycine  The  uptake  of  glycine  in  brain  vesicles  is 
interesting,  since  glycine  has  a  modulating  effect  on  the 
NMDA  receptor  (Johnson  and  Ascher.  1987).  Our  find¬ 
ing  IS  also  interesting  in  view  of  the  described  colocali- 
zation  of  GABA  and  glycine  immunoreactivity  in  cere¬ 
bellum  (Ottersen  et  al.,  1988).  Oltersen  et  al.  (1990)  also 
found  that  GABA  and  glycine  were  released  from  the 
same  terminals  in  cerebellar  Golgi  cells.  It  is  well  estab¬ 
lished  that  the  enzyme  synthesizing  GABA,  glutamic 
acid  decarboxylase  (EC  4  1.1.15).  is  specifically  local¬ 
ized  in  the  GABA  receptor  nerve  terminals  (Fonnum  et 


al..  1970),  Due  to  the  lack  of  specificitv  of  the  vesiculai 
GABA  and  glycine  uptake,  the  key  factors  in  differenti¬ 
ating  between  GABA  and  glycine  as  transmitters  in 
specific  terminals  seem  to  be  both  the  svnthesis  and  ihr 
high-affinity  synaptosomal  uptake.  It  should  be  kept  in 
mind  ihat  the  uptake  of  noradrenaline  and  dopamine  in 
svnaptic  vesicles  is  relatively  non-specific,  which  means 
that  noradrenaline  and  dopamine  are  taken  up  into  the 
same  vesicle  population  (Slotkin  et  al..  1978). 
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